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ABSTRACT: We study the exotic muon decays with five charged tracks in the final state.
First, we investigate the Standard Model rate for u* — 3e* 2e™ 2v (B = 4.0 x 1071) and
find that the Mu3e experiment should have tens to hundreds of signal events per 10
pT decays, depending on the signal selection strategy. We then turn to a neutrinoless
pt — 3eT 2e” decay that may arise in new-physics models with lepton-flavor-violating
effective operators involving a dark Higgs hy. Following its production in u™ — e™hg decays,
the dark Higgs can undergo a decay cascade to two ete™ pairs through two dark photons,
hqg — vava — 2(ete”). We show that a u™ — 3et 2e™ search at the Mu3e experiment,
with potential sensitivity to the branching ratio at the O(107'2) level or below, can explore
new regions of parameter space and new physics scales as high as A ~ 10'° GeV.
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1 Introduction

The search for charged lepton flavor violation (cLFV) in ultra-rare decays is achieving
experimental sensitivity to new physics scales far above the TeV scale. Among the different
flavor-violating observables, muon decays stand out as a particularly clean and sensitive
probe — muons can be copiously produced and easily manipulated in the laboratory. The
Mu3e experiment, under construction at the Paul Scherrer Institut (PSI), will be sensitive
to B(ut — eteTe™) as small as 10716 [1], significantly improving on existing limits from
SINDRUM, at the level of B(ut — etete™) < 10712 [2]. This indirectly probes cLFV at
new-physics scales as large as A ~ 102 TeV. Mu3e is also complementary to many other
muon facilities, including searches for u™ — e™v at MEG and MEG-II [3, 4], as well as
p — e conversion on nuclei at COMET [5], DeeMe [6], and Mu2e [7].

The Mu3e detector is a magnetized thin spectrometer designed to contain and track
as many electrons and positrons from stopped muons as possible. The low density of each
active layer reduces backgrounds from particle interactions in the material and minimizes
the energy loss of charged tracks, thereby improving momentum resolution. The latter is an
important capability to identify missing energy in muon decays and reduce the Standard
Model (SM) backgrounds from, e.g., u™ — eTete D .. Due to the sheer number of muon
decays and the precision required for a low-background environment, Mu3e can also be
useful for applications beyond cLFV. For instance, Mu3de can be used to perform precision
measurements of the SM decays pu™ — etete U v, that require improved precision of



theoretical predictions [8-10] or to perform searches for exotic new particles [11-15]. This
work proposes a new auxiliary goal for the experiment: searches for the more exotic but
clean decay channels put — etete ete vyve and pt — etete ete.

We assess the Mu3e sensitivity to the SM decay u™ — eTete~ete 7,v., which we find
to have the branching ratio of 4.0 x 107'°. Such a process can be of interest in its own right
as one of the rarest radiative processes in the decay of the 2! and 3¢ generation particles
that any experiment can directly observe. It is also a background to the new physics
searches in neutrinoless decays, u™ — 3e™ 2e™, but we show that it can be eliminated with
an appropriate cut on missing momentum.

Rare decays have been a successful avenue to constrain light dark sectors; see, e.g., the
reviews in refs. [16, 17]. Most of the experimental activity is focused on signatures where
the new particle is reconstructed as a single visible or invisible resonance. However, if the
dark sector particle decays through a fast-developing cascade, multiple visible resonances
may be present at no additional penalty to the original production rate. While such
scenarios come at the cost of non-minimality, they can be constrained more effectively
due to their exotic nature. Examples of such dark sectors have been studied in various
contexts before, see for instance refs. [18-26] for phenomenological studies, and refs. [27-32]
for experimental searches involving multi-leptons. In a similar model to the one discussed
in this paper, ref. [24] proposed searches for kaon decay modes with five charged tracks,
Kt — ntete ete, recently evaluated in the SM in ref. [33] and searched for at the NA62
experiment, reaching branching ratios as small as O(107Y) [34].

In this article, we turn to the 5e lepton-flavor-violating muon decay, i.e., the u™ —
eTete~eTe™ process. To that end, we formulate the simplest dark sector model where the
production of a light scalar takes place due to its cLF'V interactions with the muon and
electron. As the dark Higgs of a U(1), gauge group, this scalar decays to pairs of dark
photons ~4. Due to kinetic mixing with the SM, the dark photon subsequently decays into
eTe™ pairs. We analyze the experimental sensitivity to this mode with a simple Monte-Carlo
(MC) and estimate the signal efficiency attainable at the Mu3e experiment. We conclude
that a sensitivity to branching ratios as small as O(107!2) can be reached, constituting the
most precise test of this class of dark sector models.

The article is structured as follows. In section 2 we present our calculations of the SM
muon decay to five charged tracks. We then discuss the dark sector models and associated
five-track signatures in section 3. The experimental simulation and resulting sensitivity are
presented in section 4, and the conclusions in section 5.

2 Standard Model decays: ut — etete ete v, v,

The enormous statistics expected to be collected by the upcoming muon experiments will
enable the study of tiny radiative muon decay modes. These decay channels have important
implications in their own right. Apart from testing QED at high orders in «, they can also
be important search channels for certain dark sector models. In what follows, we discuss
the muon decay to five tracks with missing energy, i.e., muon decays with double internal
photon conversions.



We estimate the branching ratios for 4 — 3evr and pu — 5evv decays using MAD-
GraPH5__AMC@NLO [35] to leading order in Gr and . We find

B(u" — etete ) = (3.601 £ 0.005) x 107, (2.1)
B(ut — etete ete muve) = (3.929 £ 0.001) x 10719, (2.2)

where the quoted uncertainty is from the MC only. The electron mass is included to avoid
infrared divergences, but the uncertainties in the masses and couplings are not taken into
account.! The u™ — eTeTe v ,v. process has already been calculated previously [8-10]
since it is an important background to the main physics goal of the Mu3e experiment, the
search for neutrinoless u+ — etete™ decays. It is also of interest in connection with the
pt — vyveeTyg — yveeTete” dark sector mode, where an additional vector particle (e.g.
the dark photon) is radiated in the decay process [11]. The analysis of sensitivity to 4 has
been performed by the Mu3e collaboration [14]. In addition, it is expected that the SM
rate, eq. (2.1), previously studied in [37], will be observed with enormous statistics.

The SM 5e mode, eq. (2.2), has not been calculated/discussed before, to the best of
our knowledge. The rate is very small, but perhaps not hopeless with the statistics planned
to be collected by Mu3e. The p — 5e2v decay occurs at order I' o« O(G%a), where G is
the Fermi constant. The corresponding partial decay width, I' ~ O(107? V), would be
the smallest measured decay rate involving the second and third-generation particles.

To be observable, the five charged tracks should have sufficient energy to escape the
Mu3e target and fall within the detector acceptance. A simple estimate of the observable
branching ratio can be found by requiring the transverse momentum of each electron and
positron to be larger than the experimental threshold, pt ¢, ~ 10 MeV. We find

B(ut —etete et e mup, [all pli™ > 10 MeV) = (14£0.1) x 1071, (2.3)

T, true
where p_1

is the true transverse momentum of individual electrons and positrons in the
muon rest frame. Here “true” refers to the value of the quantity before any experimental
smearing is applied, and should be contrasted with the “reconstructed” quantities on which
we apply cuts in section 4. For completeness, we also quote the branching ratio for a

threshold of 10 MeV on the true total momentum,

B (u —eTefe ete v,v, | all piie > 10 MeV) = (9.54+0.2) x 10713, (2.4)

e js the true momentum of individual electrons and positrons in the muon rest

where p’lt
frame. With the transverse-momentum cut, the above indicates that Mu3e should observe
about 35 events in 300 days of continuous running at a rate of 108 muon stops per second, i.e.,
about 2.5 x 10 muon decays. We revisit these estimates in section 4.3 with our simulation,
showing that requiring five observable tracks leads to an even smaller branching ratio.
Another relevant regime of the SM rate is when the neutrinos carry a small amount of

energy. Such phase-space configurations are highly disfavored in this decay since internal

!The SM input parameters are m, = 105.658 MeV, m. = 510.999keV, o~ *(u = 0) = 137.036, Gr =
1.16638 x 107> GeV ™2, and T, = 2.99598 x 107¢ MeV [36].



photon conversion tends to produce soft eTe™ pairs. Nevertheless, it can represent a
background to neutrinoless decay modes, as discussed in more detail in section 4.1. The
rate is a steeply falling function of the missing energy, so we quote two cases,

B(p = etetemete v | B, <20 MeV) = (89+£0.3) x 1071, (25)
B(pt = eteteete mue | B, < 10 MeV) = (114£0.2) x 10717, (2.6)

where Enﬁlusesmg is the true energy of the two neutrinos in the muon rest frame. As we will
see, this rate, even after accounting for detector resolution effects, is far too low and does
not constitute a worrisome background to neutrinoless exotic decays.

Finally, we note that muon decays to dark sector particles can also induce 5e2v final
states. For example, muon-specific forces [38-41] could induce the ut — v, v.etS decay,
where the dark scalar can then decay to four tracks, S — 2e™2e™, through a cascade of
decays involving other dark particles as intermediate states. If the decay/fragmentation of
S is fast, such a channel will not be picked up by the proposed missing momentum/missing
energy searches [42, 43]. While a more detailed analysis of such decay modes lies outside
the scope of the present manuscript, we emphasize that the decay rate, eq. (2.2), should
be added to the list of physics goals pursued by the Mu3e experiment. For the remainder
of the manuscript, we focus on the experimentally cleaner decay mode, the neutrinoless
i — He decay, which can be induced in dark sector scenarios.

3 Exotic muon decay: ut — etete ete~

Previous dark sector searches at muon facilities focused on a single visible or invisible
resonance. The TWIST and PIENU results provide the best limits on two-body decays
to invisible particles, constraining B(ut — e™(X — inv)) < O(107°) [44, 45]. The MEG
experiment searched for u* — et (X — ~), providing the best limits on this branching ratio
at the level of O(1071) for 20 < mx < 45MeV [46], much above the SM background from
double radiative muon decays, B(ut — U vee™ Vi Emissing < 10 MeV) = 1.2 x 10714 [10],
where the missing energy Emissing is required to be small. At SINDRUM, constraints on
B(pt — et(X — ete™)) < O(10712) were placed, depending on the value of my [47]. The
Mu3e experiment W1H be well positioned to improve on the latter. Below, we extend this
list of phenomenologically interesting dark sector signatures by considering a cascade decay
into the dark sector, u+ — e™(hg — Yyav4 — 2(eTe™)).

3.1 A dark sector model

Our benchmark model consists of a higgsed dark abelian gauge group U(1)4 coupled to the
SM through kinetic mixing between the dark photon and the ordinary photon and through
lepton-flavor-violating dimension-five operators. That is, the Lagrangian of the model is
given by .Z = Lsm + s + L.rv, where Zgy is the SM Lagrangian and

1
Los = (Due)' D6 — L Fy" Fap — 2F“” 12 (o1 6) — MoT9)?, (3.1)
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Figure 1. The diagram for the dark scalar production and the subsequent decay chain that realizes
ut — et2(eTe™) decays (left) and a sketch of the corresponding experimental signature at Mu3e in
a transverse view of the detector (not to scale).

with F" the dark photon field strength tensor, while D¢ = (9" — igqv;*)$, and we set
for simplicity the mixed quartic, Zps D N (¢'¢) (HTH) to zero. The dark scalar ¢ develops
a vev, ¢ = (vg + ha)/V/2, giving the dark photon a mass m., = gqvg. After the usual field
redefinitions [48], we end up with the massive physical dark photon, 74, the massless photon
v, and the light scalar hg.

The LFV interactions are mediated by the dimension-five operators
Cij /=
fLFV = —%(]ﬁ (L1H> fj + h.C., (3.2)

where A is the cut-off of the effective theory, L; (¢;) are the left-handed (right-handed)
SM lepton doublets (singlets), and the summation over generation indices i,j = 1,2,3 is

understood. After ¢ and H obtain the vevs, the masses of the charged leptons are given by
the sum of the SM Yukawas

Lsm D —)\ij(iiH)éj + h.c., (33)
and the dimension-five terms in (3.2), giving

. v v
diag(my) =V, (/\ + C\deA)Véﬁ’

where Vi, p are the unitary matrices that diagonalize the mass matrix. Note that the

(3.4)

same unitary transformation also diagonalizes the Higgs couplings to leptons. After mass
diagonalization, the interaction Lagrangian in the physical basis is given by

_ h . h
£ D —mgiéLing‘ (1 + ’U) — yZ‘ngigthd (1 + U> + h.c., (3.5)
where y = VLCVE’U/(\/?A).

3.2 Signal rate prediction

The dimension-five flavor-violating couplings (3.2) in the higgsed dark abelian U(1), ex-
tension of the SM will lead to the ¢; — f;hq decays if these are kinematically allowed.



In this manuscript we focus on the u — ehgy transition, where the dark scalar hg fur-
ther decays promptly into two dark photons, each of which decays to an eTe™ pair,
hg — (ya — eTe™)(ya — eTe™), as shown in figure 1. This u — 5e decay can well be the
leading signature of such a higgsed dark U(1)g, if the dark gauge coupling is large enough
such that the hy — 7474 decay dominates. The p — 5e cascade decay is kinematically
allowed for my, < m, —m. and my, > 2m,,.

The branching ratio for the u — ehy decay is given by

(L7 =R, | NP2 ),

(3.6)
where I, is the muon decay width, A(z,y, ) is the Kéllen function, while 7., = me p,/mpu.

1 m
B(/L — 6hd) - F (!yue\Q + ‘ye,u’2 + 4Re<yuey:u)re) 32!;.
"

Assuming B(hg — v474) ~ B(ya — eTe™) =~ 1, and neglecting the electron mass, the
1 — be branching ratio is then

2
+ + + + - -3 ’y,ue|2 + |yeu|2 2 2
B(ut = ethy — eT2(ete)) = 3.5 x 10 = (1-+2) 67

As we will discuss, the above numerical example for ¥, is safely below the current
experimental bounds discussed in section 3.3.

To a good approximation, the dark scalar decay is prompt as long as the dark coupling
is sizeable. The partial decay width is given by [18],

3
oq My,
th—)Q’yd — § m2d f(m'yd/mhd)7 (38)
Yd

where f(r) = (1 — 4r% + 12r%) /1 — 472, In the limit of hy — 7474 dominating the decay
width, this then also gives the lifetime of the dark Higgs,

2
« 90 MeV 3 1
Th, = 270 fm X <0@> ( - ) (mhd /mw> Fone ) (3.9)

On the other hand, the dark photon decays back to the SM particles through the kinetic
mixing parameter, ¢ < 1073, and, therefore, may have an observable displacement within

the experiment. In the mass range of interest, 2m. < m.,, < (m, —m.)/2, the dark photon
always decays back to electron-positron pairs, 74 — e*e™, with the decay width [18]

2
ag*m 1/2
Dpgere = g4 (1=ar2) 7 (14 202) (3.10)
giving the 4 lifetime of
2
1074 M 1
erd = 0.27 mm x ( 0 ) (30 eV) , (3.11)
€ Mg g(me/ms,)

where g(r) = (1 + 2r2) V1 —4r2. Most dark photons would still decay within the stopping
target for the above parameters, leading to no significant modification of the u* — 3et 2e~
signals. For smaller kinetic mixing parameters ¢ < 104, other constraints from beam-
dump and fixed-target experiments exclude the mass range of interest [49]. Therefore, in
our discussion, we will always assume that the dark photons decay promptly inside the
Mude target.



3.3 Other experimental bounds

The yye,en LEV couplings of the dark Higgs are constrained by a few other probes, with the
most relevant constraints reviewed below. However, these bounds are not very stringent
and do not significantly limit the possible strength of the p — 5e signal.

Muon lifetime: simply requiring that the u — 5e decay does not saturate the muon
decay width (Ty—yen, < Ty), gives /|yuel? + |yeul? < 1.7 x 1078, which by itself is already

1/2 can

quite constraining. Note that a factor of O(30) tighter bound on (|yue|® + [yeu|?)
be extracted from the consistency of the Fermi constant extracted from the muon lifetime

measurement confronted with other determinations of G [50, 51].

Neutrinoless muon decays: an experiment at Lawrence Berkeley Laboratory performed
several searches for rare muon decays, including the channel ™ — et~ [52]. The detector
constituted a cylindrical Nal crystal that surrounded the muon target. The constraint
was based on an inclusive requirement that the entire energy collected in the Nal crystal
reconstruct the muon mass. This results in a limit on neutrinoless muon decays to any
number of electrons and photons, from which we conclude that B(u™ — 3e™ 2e™) < 4 x 1076.
Other searches for the two-photon mode were performed at an experiment in TRIUMF [53],
at the Crystal Box detector at Los Alamos [54], and more recently at the MEG [46]
experiment at PSI. Neither of these limits directly applies to the 5¢ mode due to the ability
of the detectors to differentiate between charged and neutral particles. A similar argument
applies to recasts of y — ey searches [55].

In principle, the annihilation of muonium pu™e™ — 474 — 2eT2e~ can also provide
a limit on our model, though the rate is suppressed by the wave function overlap. We
are not aware of any searches for this channel. The analogous pu*e™ — ~v decay has
been constrained in ref. [56], but their limit does not directly apply to the final state with
charged particles.

Higgs decays: the Higgs Yukawas are diagonal in the mass basis, (3.5), so that the
h — pe decays are forbidden. Flavor-violating Higgs decays are possible, if they are
accompanied by an emission of a dark Higgs, h — pehg. Such three-body decays will smear
the pe invariant mass distribution and thus a reduced signal in the h — ue searches at
the LHC. While the full recasting of the bounds is beyond the scope of this paper, we
can get a rough estimate of the exclusion by assuming that the effect is similar in size to
what was found for the h — Tu¢ decays, with ¢ an invisible particle, in ref. [57]. Under
this approximation, the bound B(h — pe) < 4.4 x 1075 [58] (see also [59]) would imply
(el + lyenl®)* < 0.03.

In principle, there is also sensitivity to hg — pp coupling, y,,, from the measured
h — pu branching ratio, B(h — pp) = (2.6 & 1.3) x 10~* [60]. Some of the h — uphy
bremsstrahlung decays would pass experimental cuts and be part of the h — puu signal.
Taking as a rough estimate that the efficiency of the experimental cuts is similar as for
h — Tu¢ [57], this would then lead to a very weak bound, y,,, < O(0.1).



p — evy: the LFV Yukawa couplings of hy in eq. (3.5) mediate p — ey decays at the
one-loop level via the effective Lagrangian [61]

em _ _
L, = 871_; (cLeaaﬁPLu + cReUO‘BPR,u)Fag +h.c., (3.12)

where ¢y, r are dimensionful Wilson coefficients. The rate for ;1 — ey is given by
5

ey = B (lep 2 + |el?) (3.13)
pu—ey — 64t L Rl ) .

where, assuming v,,,, > ye. for simplicity, and m, < mp, < m, the Wilson coefficient cr,
can be expressed as

1, 2m? .
oL & Wyue lRe(yuu) <—5 + 3> - zIm(yw)] (3.14)

and cg given equivalently with the substitution y;. — ye,. Using the final limits from
MEG [3] constraining B(u — ey) < 4.2 x 10713 and assuming Im(y,,) = 0, we obtain

Y] [Ypee2 + |Yep | < 5.1 x 10712, (3.15)

p — 3e: the decay p — ehy, followed by hy — eTe™ decay, gives a constraint on a
combination of y,. and y.. couplings. We are interested in the regime, where hg — v474
dominates so that only a small fraction of hy decays through the hgy — eTe™ channel. The
hg — ete™ branching ratio, in the regime where B(hg — v474) =~ 1, is

o Ayee*m? 1
B(hg — ete™) ~ 626 5 Yd ,
gamp, f(my,/ma,)

(3.16)

where for simplicity we took the limit m. < mp,. The bound B(u — 3e) < 1.0 x 10712
then translates to

2 2 1/2 —6 109) ( 9d ) ( My, ) <3OM6V>
) ) 5% 10 9d . 3.17
(Iypel™ + [yeul) "~ < 5 x ><< Yee 0.1/ \5MeV mp, ( )

Note that this simple scaling of the bound is valid for m., ~ O(mys,) as long at yee <K gq-

4 Experimental reach

In this section, we address the experimental reach of Mu3e to the five-track channels.
We start with a general discussion of the expected backgrounds to u™ — 3e* 2e¢™ 2v and
put — 3et 2e” measurements at Mu3e in section 4.1. We leave a more detailed background
rate estimate for future studies within the Mu3e collaboration. In the remainder of the
section, we present our assumptions behind our sensitivity estimates. Section 4.2 describes
our simplified numerical simulation of Mu3e. We then present the selection criterion and
resulting efficiencies for both SM and new-physics decays in section 4.3. We then present a
few future directions that can improve upon our sensitivity estimates in section 4.4.



4.1 Experimental backgrounds

Experimental backgrounds for the ™ — 3e™ 2e™ process can be split into two categories: 1.
irreducible backgrounds from radiative muon decays where two photons internally convert
into two electron-positron pairs and 2. accidental combinatorial backgrounds from, for
example, proximal radiative and Michel decays, proximal Michel decays in combination
with Bhabha scatterings, or Michel decays with detector reconstruction deficiencies such as
charge misidentification.

Decays with missing energy: backgrounds from u™ — 3e' 2e™ 2v may be mitigated
by exploring the different kinematics of the neutrinoless u™ — 3e* 2e™ decay. Of greatest
significance is the cut on the reconstructed missing energy, or equivalently, on the recon-
structed energy of the five-electron system. The left panel in figure 4 shows the missing
energy distribution of the signal and the background. The signal events are compatible with
no missing energy within the momentum resolution of the detector. Using our simulation,
we find that a cut on the missing energy of 10 MeV can suppress the u* — 3e™ 2e™ 2v
background down to the O(1071%) level. This is compatible with the branching ratios in
egs. (2.5) and (2.6).

Due to the significant missing energy carried by neutrinos, most electron and positron
tracks are too soft to be reconstructed as short or long tracks — they do not travel far
enough in the transverse direction. As shown in the right panel in figure 4, this is particularly
true for the electron tracks, which are a product of internal photon conversion. While
this hurts the sensitivity to the SM decays, it becomes an advantage in searches for the

exotic decays.

Accidental backgrounds: interactions of Michel decay positrons with the target and
detector material are an important source of backgrounds to the p — 3e signal [1], and
therefore should be carefully estimated for the y — 5e channel. For the 3e channel, it
was shown by the Mu3e collaboration that this background can be fully mitigated, i.e.,
reduced to below 0.2 events per 10" muon decays using kinematics, timing, and position
cuts. For the 5e channel, such cuts are also expected to be important since the momenta of
the five tracks also need to sum up to zero. The 5e channel, however, has an advantage
compared to the 3e one: the be event contains two negatively charged tracks in the event,
which is much less common in the experiment. To take advantage of this feature, a good
understanding of the charge misidentification capabilities of Mu3e will be crucial. However,
even if/when positrons get misreconstructed as electrons, the kinematic, positional, and
timing cuts remain available.

In what follows, we provide a naive and conservative estimate of the total number of
accidental backgrounds per 10'® muon decays, following a similar prescription to the one
outlined in ref. [11]. We neglect Compton scattering and photon conversion within the
target and detector material, which are subdominant compared to Bhabha scattering. The
possible sources of accidental backgrounds are

1. A p — 3e2v decay in combination with a proximal Michel decay, where the ejected
positron immediately Bhabha scatters on an electron within the target material,

N,u—>3e2l/+Bhabha = Nu X (Ruét) X Pp X (Bu—)3€2VB;L—>1€2V) X PBhabha ~ 103‘ (41)



Alternatively, one could also consider a single Michel decay in combination with a
u — 3e2v decay, where the Bhabha scattering is initiated by one of the two positrons
produced in p — 3e2v. This brings the total rate to approximately 3 x 10% events,
before any kinematical cuts, and assuming that the positrons from p — 3e2v can
produce visible ete™ Bhabha pairs as often as the Michel positrons.

2. Three Michel decays where two of the three positrons have Bhabha scattered with
electrons within the target material,

1 _
N3M+Bhabha = fNH X (Rudt)z X Pp2 X (BH_)leZV)g X P]%habha ~ 10 1. (4.2)

2

3. A Michel decay in combination with two radiative Michel decays, where the two
photons convert into electron-positron pairs within the target, and the two positrons
from these conversions remain undetected,

2
fNM X (Ruét)Q X Pp2 X (B“_>1€2VB2

3 u%leZul’y) X P»? ~ 1073- (43)

Nsn, =
4. Five Michel decays with two positrons misidentified as electrons,

N5y = 1—12Nu X (Rudt)! x P} x (Busiezw)® x P2, ~ 107" (4.4)
Above, the total number of muons was assumed to be N, = 10'°, with R, = 108/s the
stopped muon rate, 6t = 2.5 x 10710 s the average time resolution, P, = 1072 the vertex
timing resolution suppression factor (taken as the quoted suppression power of the fiber
detectors [1]), P+ .~ = 0.45% the charge misidentification probability, B, _ie2, ~ 1,
By—1e20y = 0.014 (E, > 10MeV) [36], Pgpabha &~ 107 is the conditional probability for
an observable Bhabha scattered e™e™ pair given a positron from within the target (from
table 22.2 of ref. [1]), while P, = 8 x 10™* is the assumed photon conversion probability
within the target. Note that the above estimates hold in the limit R,T > 1 where T is the
duration of the measurement (roughly 7 x 107s for phase I of Mu3e to which also the above
choices of parameters apply).

In addition to the coincident combination of Bhabha processes and radiative modes
of muon decays, two electrons can also be observed when an electron produced in u —
3e2v decays undergoes Mgller scattering or initiates trident production in the material.
Because the number of high-momentum electrons in the experiment is far smaller than
that of positrons, we expect these channels to be subdominant to the background sources
listed above.

In their 3e sensitivity estimates, the Mu3e collaboration also included a cut on the lowest
invariant pairwise ete™ mass in order to suppress Bhabha pair production backgrounds in
the window from 5 MeV to 10 MeV. This will limit the sensitivity to new physics for dark
photon masses within this range if such a cut is still necessary for the 5e channel. While a
full detector simulation, including material effects and vertex reconstruction, is needed in
order to accurately assess the loss in sensitivity due to these backgrounds, we do expect the
double coincidence in e*e™ invariant masses to be a sufficiently strong discriminator such
that one could efficiently search for new-physics events.
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Figure 2. Transverse (top) and longitudinal (bottom) event displays showing an example of a
simulated SM five-track pt — 3e*2e~2v decay event at Mu3e. The blue heatmap within the
double-cone target of each panel represents the modeled z,y, and z probability densities of muon
decays within the double-cone target.

4.2 Mu3e simulation

To study the sensitivity of Mu3de to muon decays with five tracks, we built a fast MC of the
detector and simulate p* decays using MADGRAPHS _AMC@NLO for pu+ — 3e™ 2e™ 2v
and the PHASESPACE [62] package for u™ — 2e* 1le”. We simulate a total of 13 million
events for the former and 1 million for the latter. The simulation distributes muons inside the
target, modeled as a hollow double-cone structure. The target’s maximum radius is 19 mm,
and its total length is 100 mm. The z position of the decays inside the target is sampled
according to figure 6.3 of ref. [1] that shows the simulated stopping distribution along the
z-direction of the double-cone target. The x and y positions are sampled according to the
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transverse beam profile modeled as a two-dimensional Gaussian with widths o, = 7.50 mm
and oy = 8.74 mm. The probability density of muon decays inside the target is shown as a
heatmap in the event displays in figure 2.

Each electron and positron trajectory with the initial position (zg, yo, z0) and momentum
(P2, Py, p-) is determined by the equations of motion

B B
x(t) = 20 + g—yq {1 — cos (mqt) + ];z sin (mqt> } ) (4.5)
B B
y(t) = yo + Pa {—1 + cos <qt) + Py sin (qt)} (4.6)
Bgq m Pz m
Pz
= P2y AT
2(t) = 20+ =, (4.7)

where B is the magnitude of the magnetic field (B = 1.0 T) directed along the beamline, ¢ is
the electric charge, and m is the particle mass. The particles follow a helical trajectory with
radius R = py/B, where pr = ((pz)? + (py)?)"/? is the total momentum in the x — y plane,
transverse to the beam pipe. The trajectory length is determined by the point at which
the particle exits the detector barrels in the z direction, defined as the end of the longest
recurler cylinder. We neglect any particle losses inside the barrel. Having determined the
trajectory in the z — y plane, we count the number of intersections between each track and
the active components of the detector, each defining a hit. The primary active layers are
modeled as four thin cylinders centered around the double-cone target. From the innermost
to the outermost layers, the cylinders have radii of 23.3 mm, 29.8 mm, 73.9 mm, and
86.3 mm, and extents of 124.7 mm, 124.7 mm, 351.9 mm, and 372.6 mm. In addition to
these layers, Mu3e plans to install recurler components, extending the outermost cylinders
up and downstream of the target, thereby increasing the probability of detecting tracks
that curl back at large values of z. We replicate the two outermost cylinders with a shifted
z location to account for these. The gap between the end of the outermost detector and
the recurler is assumed to be 20 mm.

The momentum resolution of the tracks depends on the number of hits for a given
trajectory. Tracks with at least 4 hits constitute a short track, and the resolution is
op/p ~ 5%. We smear them according to the resolution in figure 19.2 of ref. [1]. The
resolution can be far better for long tracks, defined by tracks with 6 and 8 hits, ranging
from o,/p ~ 0.5% to o,/p ~ 3%. We smear these tracks following figure 19.3 of ref. [1].
Our analysis assumes that the energy losses are fully accounted for and that the detection
time is not used. We have checked that our setup reproduces the correct reconstruction
gaps in the cosf and p, plane, in accordance with figure 19.4 of ref. [1].

4.3 The Mu3e sensitivity

Sensitivity to SM decays: While we do not use a full background simulation, we can
still make a few low-level requirements that suppress intrinsic muon-decay backgrounds to
the exotic u+ — 3e™ 2e~ decays. For the SM rate u™ — 3et 2e™ 2v, we require that all
five tracks are reconstructed as short tracks (np;s > 4 for each track). In other words, all

tracks are required to cross at least four layers of the detector. This automatically imposes
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Figure 3. The number of electrons or positrons that are reconstructed as short tracks (left) and
long tracks (right) for u™ — 3e™ 2e~ (pink) and pu™ — 3et 2e™ 2v (blue) decays. We show the
new-physics decays for m,, = 30 MeV and my, = 90 MeV. A short track is defined by Npits > 4 and
a long track as Nypis > 6. Solid lines show the total branching ratio for short or long tracks. Dashed
lines have an additional requirement that at least two electrons be reconstructed as either short or
long tracks. Dotted lines have yet another requirement on the missing energy Fiss, defined as the

difference between the total energy of short tracks and the muon mass. The hatched bands indicate
the MC statistical uncertainty.

1079
107 O 3¢t 20 20 3eT2e™ 20 (Nghort = 5 and Episs < 10 MeV)
O 3¢t 2¢ 10-10] 36T 2¢~ (Naport = 5 and Eumies < 10 MeV)
3¢t 2e” 20 (Nehort = 5) 3et2e” 20 [
10711 0 3¢" 2 (Nuwow =) 3et2e” O
© 10—11 4
S = .y
:Jgj 10—1’5 i § 10 12 4
— <
= b=
3 T 10-13 4
10—15 i
10—14 4
10717 ] N S , : 1071 ; ' , :
0 20 40 60 80 100 0 20 40 60 80
FBrissing/MeV (Ee; + E;)/MeV

Figure 4. Left panel shows the reconstructed missing energy distribution for pu* — 3e™ 2e™
(M., = 30MeV and my,, = 90MeV) compared with the u™ — 3e*2e~2v SM rate. Solid histograms
include the requirement of exactly 5 reconstructed short tracks. In the right panel we show the

reconstructed total electron energy distribution. In this case, solid histograms require exactly 5
reconstructed short-tracks and Frissing < 10 MeV.
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Figure 5. The Mu3e reach for u™ — e*(hq — v47a) decays as a function of m., and yue = Yep
for various choices of my,,, assuming a sensitivity of B(ut — eThy) < 10712 after signal selection
described in section 4.2. We fix e = 107* and ap = «/10. Dashed lines indicate regions where the
scalar quartic coupling A > /47 for this particular choice of ap. The limit based on a comparison
of the total muon lifetime 7, and independent determinations of G is shown as a dark grey region
(B <2 x 1073) and the limit from ref. [52] is shown in the light grey region (B < 4 x 107°).

a momentum threshold of about 10 MeV for each charged track and already significantly
reduces background with missing energy as shown in figure 3. Our simulation shows that the
resulting branching ratio for five short-track events from the process u= — etete ete v v,
is about B ~ 2 x 1071° much below the value in eq. (2.3), which uses truth-level cuts.
This loss in rate is due to the steep dependence of the rate on the transverse-momentum
threshold and the muon decay position within the target. Whether this five-track rate
is detectable or not will rely on the resulting efficiencies of the five-track reconstruction
algorithm and the accidental and beam-induced backgrounds. We also note that even when
all tracks have sufficient energy to fall within the detector acceptance, the amount of missing
energy in these events is still significant, as shown in figure 4. We comment on potential
alternative directions to detect the SM rate in section 4.4.

Sensitivity to exotic decays: Similarly to the SM decays above, to estimate the
sensitivity of Mu3e to the neutrinoless channel, we impose the requirement that all five
tracks are within the experimental acceptance. Since the exotic mode has no missing
energy, we further require that Epissing < 10 MeV, similarly to the sensitivity studies for
uT — 2eT le”. The impact of this last cut on the new-physics rate as well as on the
intrinsic SM background is shown in figure 4. Even though the MC statistics are small in
this region of phase space, we can readily conclude that the combination of applied cuts
is exceedingly stringent, pushing the estimated intrinsic background branching ratio to
O(1071%) or lower at no significance cost to the signal efficiency.
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We quote the sensitivity of Mu3e to lepton-flavor-violating decays with five tracks
requiring a total of 10 new-physics events per 10'® u* decays after the signal selection
discussed above. We believe that this requirement is extremely conservative. Firstly,
the signal selection criteria can be relaxed by exploiting charge identification (most new-
physics events have two visible electron tracks), significantly boosting the signal efficiency.
Secondly, while we do not simulate accidental, beam-induced, and charge-misidentification
backgrounds, our discussion in section 4.1 indicates that even before any kinematical
requirements, these backgrounds are not expected to be larger than about a thousand
events. Therefore, if the power of kinematical background rejection that was found for
the 3e channel is of similar size also for the 5e channel, then the y — 5e search should be
background free for branching ratios as low as 1071, Nevertheless, all our results are based
on a signal rate of 1000 events, post-selection.

The reach of Mu3e in the parameter space of the dark higgsed U(1)y model, discussed
in section 3.1, is shown in figure 5 for different values of my, and m.,,. We fix the
kinetic mixing parameter to € = 10~%, below the reach of the prompt decay searches, and
above the limits set by the beam-dump searches at FASER [63] and other beam-dump
experiments [17, 64, 65]. We also fix the dark coupling to ap = «/10 for illustration,
although the decay rate is mostly insensitive to the exact choice of this parameter. In the
regions of parameter space where this choice leads to a breakdown of perturbativity for the
scalar quartic coupling, A > /4w, we draw the experimental sensitivity with a dashed line.
No previous experimental search for this channel exists to the best of our knowledge, so
Mu3e can provide the best limits on |yeu|® + |yue|® for mp, < my, —me and m, < mp, /2.
In the case of a discovery, Mu3e could measure the dark photon and dark scalar masses,
depending on the observed signal rate. We show the reconstructed dark photon and scalar
masses in figure 6.

4.4 Future directions

Finally, we also comment on the possibility that searching for exotic multi-lepton production
need not require five tracks. Depending on the charge misidentification capabilities, two
electron tracks should already constitute a sufficiently-exotic final state. In that case,
the selection criterion of requiring exactly five tracks in the event may be relaxed to
requiring at most five tracks but exactly two electrons. For instance, with this more flexible
selection, reconstructing an eTe~ete™ event with a missed positron as missing energy may
be sufficient. With the alternative strategy to require two negatively charged tracks and
relax the requirement on the total number of tracks, the observable branching ratios can
be much larger. Requiring only two positrons and two electrons boosts the observable
branching ratio to 7 x 107'*. Similarly, requiring only one positron and two electrons
recovers another order of magnitude, with a branching ratio of 8 x 10713,

The backgrounds to these three- and four-tracks selections will likely be larger. For
instance, mis-reconstructed u* — eTete T, v, events will likely overwhelm the three-track
channel due to the unavoidable missing energy. We also note that three-track 5e decays are
unlikely to be a background to the ;™ — eTete™ signal thanks to the two electrons and the
significant amount of missing energy. Nevertheless, the four-track 5e decays may very well
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Figure 6. The reconstructed masses of the dark photon (left) and the dark higgs (right) for various
fixed masses before signal selection cuts (solid lines) and after signal selection cuts (filled histograms).
After selection, the resulting resolution on the dark photon mass is approximately Tm., /my, =2.3%
and T, /mp, = 1.5% for the dark higgs mass. The total branching ratio for the signal was fixed
to 7 x 1073 in both panels.

be within the Mu3e reach. The dominant background will likely be from pt — eTete 7,1,
decays with a single Bhabha scatter. Assuming the conservative numbers in section 4.1,
this gives about 8 x 10° events before any kinematical cuts. This number is probably much
smaller as the positrons from these decays are softer than Michel ones and will produce
observable ete™ pairs less often. We show the missing energy distribution for different
track requirements in figure 7. As a guide to the eye, we also show the ut — etete 7,1,
rate downscaled by 10™4, representing the rate for 3e events with an observable Bhabha
pair. The latter must be significantly suppressed to successfully measure the 5e decays
through a four-track with two electrons signal selection. Having identified the need for more
flexible signal definitions to enhance the observable SM rate, we leave a detailed study of
efficiencies and backgrounds to the collaboration.

5 Conclusions

The next generation of high-intensity experiments involving muons is poised to reach
new levels of sensitivity to lepton flavor violation, down to B ~ 10715, Typically, these
experiments are designed with one particular physics goal and measurement in mind, such
as uT — etete™ decay in the case of the Mu3e experiment. However, the low-background
environment, high intensity, and detector capabilities can turn these experiments into
sensitive probes of dark sectors, putting them at the forefront of sensitivity to dark photons,
dark scalars, or axion-like particles.

In this work, we have analyzed the scenario of muon decay to 5 charged tracks,
ut — etete eTe. In the Standard Model, such a decay mode (accompanied by the
emission of two neutrinos) is highly suppressed by powers of « resulting in a total branching
ratio of 4 x 1070, The observable branching ratio will depend on the selection strategy,
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Figure 7. The reconstructed missing energy for ut — etete ete v, 1. and pt — etete v, 0,
events in Mu3e. For the former, the filled histograms show the subset of events with three, four,
and five reconstructed short tracks, requiring exactly two reconstructed electrons. For the latter, we
show the total rate downscaled by a factor of 10~%. This points to a naive estimate of 3e events
where one of the positrons undergoes Bhabha scattering to produce a four-track final state.

ranging from O(1071%) for five-short-track events to O(10713) for events two observable
electrons and two observable positrons. In contrast, the higgsed U(1); dark sector model
we consider, generates a cascade of decays, resulting in a high multiplicity of electrons and
positrons without further suppression by coupling constants. Therefore, such dark sectors
may induce the 3e™2e™ decay signature with rates far above those of the SM backgrounds.
In particular, as shown in figure 4, the SM decays do not pose a threat to  — 5e new physics
searches since the branching ratio for the SM yu — 5e2v decay with Ejigsing < 10 MeV is of
the order of O(1071%) or below.

The Mu3e collaboration currently does not have a dedicated study of a signal composed
of five charged tracks. To that end, we have performed a simplified simulation of the
Mu3e detector to determine a realistic signal efficiency. The requirement to have multiple
energetic particles reduces the signal efficiency for the u — 5e signature down to the level
of 0(0.1% — 1%), depending on the masses of the dark particles, indicating a resulting
sensitivity to branching ratios of order B(u+ — 3et 2e™) ~ 107!2 in the most optimistic
background-free case. For the dark sector masses in the tens of MeV range, the Mu3e
sensitivity would translate to a probe of the lepton-flavor-violating muon-electron-dark
Higgs coupling at the level |y,ecu| < 1071 and below, as shown in figure 5. Recalling that
such couplings originate from dimension-five operators, eq. (3.2), we arrive at the future
sensitivity of Mu3e to new physics scales A as high as A oc 10" — 10'6 GeV. We conclude by
encouraging the Mu3e collaboration to perform a dedicated study of “5e” physics channels,
both in the neutrinoless new physics channel and in the SM channel, where neutrinos carry
additional missing energy away.

17 -



Acknowledgments

We thank Drs. B. Echenard, A.-K. Perrevoort, and F. Wauters for valuable discussions and
correspondence. JZ and TM acknowledge support in part by the DOE grant de-sc0011784
and NSF OAC-2103889. MP is supported in part by the DOE grant DE-SC0011842. This
research was supported in part by Perimeter Institute for Theoretical Physics. Research at
Perimeter Institute is supported by the Government of Canada through the Department of
Innovation, Science and Economic Development and by the Province of Ontario through
the Ministry of Research, Innovation and Science.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] MU3E collaboration, Technical design of the phase I Mu3e experiment, Nucl. Instrum. Meth. A
1014 (2021) 165679 [arXiv:2009.11690] [INSPIRE].

[2] SINDRUM collaboration, Search for the Decay p* — etete™, Nucl. Phys. B 299 (1988) 1
[INSPIRE].

[3] MEG collaboration, Search for the lepton flavour violating decay pu™ — et~ with the full
dataset of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081] [INSPIRE].

[4] MEG II collaboration, The design of the MEG II experiment, Eur. Phys. J. C 78 (2018) 380
[arXiv:1801.04688] [INSPIRE].

[5] COMET collaboration, COMET Phase-I Technical Design Report, PTEP 2020 (2020)
033C01 [arXiv:1812.09018] [NSPIRE].

[6] N. Teshima, Status of the DeeMe Experiment, an Experimental Search for p-e Conversion at
J-PARC MLF, PoS NuFact2019 (2020) 082 [arXiv:1911.07143] [INSPIRE].

[7] MU2E collaboration, Mu2e Technical Design Report, arXiv:1501.05241
[DOI:10.2172/1172555] [INSPIRE].

[8] M. Fael and C. Greub, Next-to-leading order prediction for the decay u — e (ete™) vv, JHEP
01 (2017) 084 [arXiv:1611.03726] [INSPIRE].

[9] G.M. Pruna, A. Signer and Y. Ulrich, Fully differential NLO predictions for the rare muon
decay, Phys. Lett. B 765 (2017) 280 [arXiv:1611.03617] [INSPIRE].

[10] P. Banerjee, T. Engel, A. Signer and Y. Ulrich, QED at NNLO with McMule, SciPost Phys. 9
(2020) 027 [arXiv:2007.01654] [INSPIRE].

[11] B. Echenard, R. Essig and Y.-M. Zhong, Projections for Dark Photon Searches at Mu3e,
JHEP 01 (2015) 113 [arXiv:1411.1770] [INSPIRE].

[12] A. Flores-Tlalpa, G. Lopez Castro and P. Roig, Five-body leptonic decays of muon and tau
leptons, JHEP 04 (2016) 185 [arXiv:1508.01822] [INSPIRE].

[13] J. Heeck and W. Rodejohann, Lepton flavor violation with displaced vertices, Phys. Lett. B
776 (2018) 385 [arXiv:1710.02062] [INSPIRE].

~ 18 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.nima.2021.165679
https://doi.org/10.1016/j.nima.2021.165679
https://arxiv.org/abs/2009.11690
https://inspirehep.net/literature/1818841
https://doi.org/10.1016/0550-3213(88)90462-2
https://inspirehep.net/literature/251865
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/literature/1459275
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://arxiv.org/abs/1801.04688
https://inspirehep.net/literature/1648154
https://doi.org/10.1093/ptep/ptz125
https://doi.org/10.1093/ptep/ptz125
https://arxiv.org/abs/1812.09018
https://inspirehep.net/literature/1711192
https://doi.org/10.22323/1.369.0082
https://arxiv.org/abs/1911.07143
https://inspirehep.net/literature/1765740
https://arxiv.org/abs/1501.05241
https://doi.org/10.2172/1172555
https://inspirehep.net/literature/1340468
https://doi.org/10.1007/JHEP01(2017)084
https://doi.org/10.1007/JHEP01(2017)084
https://arxiv.org/abs/1611.03726
https://inspirehep.net/literature/1497517
https://doi.org/10.1016/j.physletb.2016.12.039
https://arxiv.org/abs/1611.03617
https://inspirehep.net/literature/1497525
https://doi.org/10.21468/SciPostPhys.9.2.027
https://doi.org/10.21468/SciPostPhys.9.2.027
https://arxiv.org/abs/2007.01654
https://inspirehep.net/literature/1805135
https://doi.org/10.1007/JHEP01(2015)113
https://arxiv.org/abs/1411.1770
https://inspirehep.net/literature/1326635
https://doi.org/10.1007/JHEP04(2016)185
https://arxiv.org/abs/1508.01822
https://inspirehep.net/literature/1387329
https://doi.org/10.1016/j.physletb.2017.11.067
https://doi.org/10.1016/j.physletb.2017.11.067
https://arxiv.org/abs/1710.02062
https://inspirehep.net/literature/1628812

[14]

[15]

[16]

A .-K. Perrevoort, Sensitivity Studies on New Physics in the Mu8e Ezxperiment and
Development of Firmware for the Front-End of the Mu3e Pixel Detector, Ph.D. thesis,
Ruprecht-Karls-Universitat Heidelberg, Heidelberg, Germany (2018) [InSPIRE].

P. Banerjee et al., High-precision muon decay predictions for ALP searches, SciPost Phys. 15
(2023) 021 [arXiv:2211.01040] [INSPIRE].

E. Goudzovski et al., New physics searches at kaon and hyperon factories, Rept. Prog. Phys.
86 (2023) 016201 [arXiv:2201.07805] [INSPIRE].

C. Antel et al., Feebly Interacting Particles: FIPs 2022 workshop report, in the proceedings of
the Workshop on Feebly-Interacting Particles, CERN, Switzerland, October 17-21 (2022)
[arXiv:2305.01715] [INSPIRE].

B. Batell, M. Pospelov and A. Ritz, Probing a Secluded U(1) at B-factories, Phys. Rev. D 79
(2009) 115008 [arXiv:0903.0363] [INSPIRE].

B. Batell, M. Pospelov and A. Ritz, Multi-lepton Signatures of a Hidden Sector in Rare B
Decays, Phys. Rev. D 83 (2011) 054005 [arXiv:0911.4938] [INSPIRE].

E. Weihs and J. Zurita, Dark Higgs Models at the 7 TeV LHC, JHEP 02 (2012) 041
[arXiv:1110.5909] [INSPIRE].

D. Curtin, R. Essig, S. Gori and J. Shelton, Illuminating Dark Photons with High-Enerqgy
Colliders, JHEP 02 (2015) 157 [arXiv:1412.0018] [InSPIRE].

N. Blinov, E. Izaguirre and B. Shuve, Rare Z Boson Decays to a Hidden Sector, Phys. Rev. D
97 (2018) 015009 [arXiv:1710.07635] [INSPIRE].

A. Smolkovi¢, M. Tammaro and J. Zupan, Anomaly free Froggatt-Nielsen models of flavor,
JHEP 10 (2019) 188 [Erratum ibid. 02 (2022) 033] [arXiv:1907.10063] [INSPIRE].

M. Hostert and M. Pospelov, Novel multilepton signatures of dark sectors in light meson
decays, Phys. Rev. D 105 (2022) 015017 [arXiv:2012.02142] [INSPIRE].

A.L. Foguel, G.M. Salla and R.Z. Funchal, (In)Visible signatures of the minimal dark abelian
gauge sector, JHEP 12 (2022) 063 [arXiv:2209.03383] [INSPIRE].

T. Ferber, A. Grohsjean and F. Kahlhoefer, Dark Higgs Bosons at Colliders,
arXiv:2305.16169 [INSPIRE].

BABAR collaboration, Search for Low-Mass Dark-Sector Higgs Bosons, Phys. Rev. Lett. 108
(2012) 211801 [arXiv:1202.1313] INSPIRE].

KLOE-2 collaboration, Search for dark Higgsstrahlung in eTe™ — putu~ and missing energy
events with the KLOE experiment, Phys. Lett. B 747 (2015) 365 [arXiv:1501.06795]
[INSPIRE].

BELLE collaboration, Search for the dark photon in B® — A’A’, A’ — ete™, ptpu~, and
7t~ decays at Belle, JHEP 04 (2021) 191 [arXiv:2012.02538] [INSPIRE].

CMS collaboration, Search for long-lived particles decaying into muon pairs in proton-proton
collisions at /s = 13 TeV collected with a dedicated high-rate data stream, JHEP 04 (2022) 062
[arXiv:2112.13769] [INSPIRE].

ATLAS collaboration, Search for Higgs bosons decaying into new spin-0 or spin-1 particles in
four-lepton final states with the ATLAS detector with 139fb~1 of pp collision data at
Vs = 13 TeV, JHEP 03 (2022) 041 [arXiv:2110.13673] INSPIRE].

~19 —


https://inspirehep.net/literature/1764259
https://doi.org/10.21468/SciPostPhys.15.1.021
https://doi.org/10.21468/SciPostPhys.15.1.021
https://arxiv.org/abs/2211.01040
https://inspirehep.net/literature/2175463
https://doi.org/10.1088/1361-6633/ac9cee
https://doi.org/10.1088/1361-6633/ac9cee
https://arxiv.org/abs/2201.07805
https://inspirehep.net/literature/2014186
https://arxiv.org/abs/2305.01715
https://inspirehep.net/literature/2656339
https://doi.org/10.1103/PhysRevD.79.115008
https://doi.org/10.1103/PhysRevD.79.115008
https://arxiv.org/abs/0903.0363
https://inspirehep.net/literature/814553
https://doi.org/10.1103/PhysRevD.83.054005
https://arxiv.org/abs/0911.4938
https://inspirehep.net/literature/837921
https://doi.org/10.1007/JHEP02(2012)041
https://arxiv.org/abs/1110.5909
https://inspirehep.net/literature/943335
https://doi.org/10.1007/JHEP02(2015)157
https://arxiv.org/abs/1412.0018
https://inspirehep.net/literature/1331774
https://doi.org/10.1103/PhysRevD.97.015009
https://doi.org/10.1103/PhysRevD.97.015009
https://arxiv.org/abs/1710.07635
https://inspirehep.net/literature/1631975
https://doi.org/10.1007/JHEP10(2019)188
https://arxiv.org/abs/1907.10063
https://inspirehep.net/literature/1746059
https://doi.org/10.1103/PhysRevD.105.015017
https://arxiv.org/abs/2012.02142
https://inspirehep.net/literature/1834636
https://doi.org/10.1007/JHEP12(2022)063
https://arxiv.org/abs/2209.03383
https://inspirehep.net/literature/2148981
https://arxiv.org/abs/2305.16169
https://inspirehep.net/literature/2662585
https://doi.org/10.1103/PhysRevLett.108.211801
https://doi.org/10.1103/PhysRevLett.108.211801
https://arxiv.org/abs/1202.1313
https://inspirehep.net/literature/1088220
https://doi.org/10.1016/j.physletb.2015.06.015
https://arxiv.org/abs/1501.06795
https://inspirehep.net/literature/1341287
https://doi.org/10.1007/JHEP04(2021)191
https://arxiv.org/abs/2012.02538
https://inspirehep.net/literature/1835062
https://doi.org/10.1007/JHEP04(2022)062
https://arxiv.org/abs/2112.13769
https://inspirehep.net/literature/1997201
https://doi.org/10.1007/JHEP03(2022)041
https://arxiv.org/abs/2110.13673
https://inspirehep.net/literature/1954278

[32]

[33]

[34]

(48]
[49]

CMS collaboration, Search for low-mass dilepton resonances in Higgs boson decays to
four-lepton final states in proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 82 (2022)
290 [arXiv:2111.01299] [INSPIRE).

T. Husek, Standard Model estimate of K+ — w4e branching ratio, Phys. Rev. D 106 (2022)
L071301 [arXiv:2207.02234] [INSPIRE].

NAG62 collaboration, Physics with kaons at NA62 in the proceedings of the 21st Conference on
Flavor Physics and CP Violation (FPCP 2023), Lyon France, May 29-June 2 (2023).

J. Alwall et al., The automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079
[arXiv:1405.0301] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2022 (2022) 083C01
[INSPIRE].

SINDRUM collaboration, Search for the Decay u™ — etete™, Nucl. Phys. B 260 (1985) 1
[INSPIRE].

S.N. Gninenko and N.V. Krasnikov, The Muon anomalous magnetic moment and a new light
gauge boson, Phys. Lett. B 513 (2001) 119 [hep-ph/0102222] [INSPIRE].

C.-Y. Chen, H. Davoudiasl, W.J. Marciano and C. Zhang, Implications of a light “dark Higgs”
solution to the g, — 2 discrepancy, Phys. Rev. D 93 (2016) 035006 [arXiv:1511.04715]
[INSPIRE].

B. Batell et al., Muon anomalous magnetic moment through the leptonic Higgs portal, Phys.
Rev. D 95 (2017) 075003 [arXiv:1606.04943] INSPIRE].

C.-Y. Chen, M. Pospelov and Y.-M. Zhong, Muon Beam Ezperiments to Probe the Dark
Sector, Phys. Rev. D 95 (2017) 115005 [arXiv:1701.07437] [INSPIRE].

S.N. Gninenko and N.V. Krasnikov, Probing the muon g, — 2 anomaly, L, — L, gauge boson
and Dark Matter in dark photon experiments, Phys. Lett. B 783 (2018) 24
[arXiv:1801.10448] [INSPIRE].

Y. Kahn, G. Krnjaic, N. Tran and A. Whitbeck, M?3: a new muon missing momentum
experiment to probe (g — 2),, and dark matter at Fermilab, JHEP 09 (2018) 153
[arXiv:1804.03144] [INSPIRE].

TWIST collaboration, Search for two body muon decay signals, Phys. Rev. D 91 (2015)
052020 [arXiv:1409.0638] [INSPIRE].

PIENU collaboration, Improved search for two body muon decay p+*—e* Xg, Phys. Rev. D
101 (2020) 052014 [arXiv:2002.09170] [INSPIRE].

MEG collaboration, Search for lepton flavour violating muon decay mediated by a new light
particle in the MEG experiment, Eur. Phys. J. C 80 (2020) 858 [arXiv:2005.00339]
[INSPIRE].

SINDRUM collaboration, Limits for Shortlived Neutral Particles Emitted u* or =+ Decay,
Phys. Lett. B 175 (1986) 101 [INnSPIRE].

B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].

FASER collaboration, First Physics Results from the FASER Experiment, in the proceedings
of the 57th Rencontres de Moriond on Electroweak Interactions and Unified Theories, La
Thuile Italy, March 18-25 (2023) [arXiv:2305.08665] [INSPIRE].

—90 —


https://doi.org/10.1140/epjc/s10052-022-10127-0
https://doi.org/10.1140/epjc/s10052-022-10127-0
https://arxiv.org/abs/2111.01299
https://inspirehep.net/literature/1961934
https://doi.org/10.1103/PhysRevD.106.L071301
https://doi.org/10.1103/PhysRevD.106.L071301
https://arxiv.org/abs/2207.02234
https://inspirehep.net/literature/2106480
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1016/0550-3213(85)90308-6
https://inspirehep.net/literature/214179
https://doi.org/10.1016/S0370-2693(01)00693-1
https://arxiv.org/abs/hep-ph/0102222
https://inspirehep.net/literature/553242
https://doi.org/10.1103/PhysRevD.93.035006
https://arxiv.org/abs/1511.04715
https://inspirehep.net/literature/1404877
https://doi.org/10.1103/PhysRevD.95.075003
https://doi.org/10.1103/PhysRevD.95.075003
https://arxiv.org/abs/1606.04943
https://inspirehep.net/literature/1470933
https://doi.org/10.1103/PhysRevD.95.115005
https://arxiv.org/abs/1701.07437
https://inspirehep.net/literature/1510884
https://doi.org/10.1016/j.physletb.2018.06.043
https://arxiv.org/abs/1801.10448
https://inspirehep.net/literature/1651454
https://doi.org/10.1007/JHEP09(2018)153
https://arxiv.org/abs/1804.03144
https://inspirehep.net/literature/1667037
https://doi.org/10.1103/PhysRevD.91.052020
https://doi.org/10.1103/PhysRevD.91.052020
https://arxiv.org/abs/1409.0638
https://inspirehep.net/literature/1313594
https://doi.org/10.1103/PhysRevD.101.052014
https://doi.org/10.1103/PhysRevD.101.052014
https://arxiv.org/abs/2002.09170
https://inspirehep.net/literature/1781733
https://doi.org/10.1140/epjc/s10052-020-8364-1
https://arxiv.org/abs/2005.00339
https://inspirehep.net/literature/1793808
https://doi.org/10.1016/0370-2693(86)90339-4
https://inspirehep.net/literature/229101
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/literature/219689
https://arxiv.org/abs/2305.08665
https://inspirehep.net/literature/2659693

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. Efrati, A. Falkowski and Y. Soreq, Electroweak constraints on flavorful effective theories,
JHEP 07 (2015) 018 [arXiv:1503.07872] [INSPIRE].

R. Balkin et al., On the implications of positive W mass shift, JHEP 05 (2022) 133
[arXiv:2204.05992] [iNSPIRE].

J.M. Poutissou et al., A New Limit on the Decay u™ — eT~v, Nucl. Phys. B 80 (1974) 221
[INSPIRE].

G. Azuelos et al., A New Upper Limit of the Decay u — ey, Phys. Rev. Lett. 51 (1983) 164
[INSPIRE].

R.D. Bolton et al., Search for Rare Muon Decays with the Crystal Box Detector, Phys. Rev. D
38 (1988) 2077 [NSPIRE].

J.D. Bowman, T.P. Cheng, L.-F. Li and H.S. Matis, New Upper Limit for u — e~y~y, Phys. Rev.
Lett. 41 (1978) 442 [InSPIRE].

C.M. York, C.O. Kim and W. Kernan, Search for the reaction u™ + e~ — v+, Phys. Rev.
Lett. 3 (1959) 288.

I. Galon and J. Zupan, Dark sectors and enhanced h — T transitions, JHEP 05 (2017) 083
[arXiv:1701.08767] [INSPIRE].

CMS collaboration, Search for the lepton-flavor violating decay of the Higgs boson and
additional Higgs bosons in the eu final state in proton-proton collisions at /s = 13 TeV,
arXiv:2305.18106 [INSPIRE].

ATLAS collaboration, Search for the Higgs boson decays H — ee and H — ey in pp collisions
at /s = 13 TeV with the ATLAS detector, Phys. Lett. B 801 (2020) 135148
[arXiv:1909.10235] [iNSPIRE].

ATLAS collaboration, A detailed map of Higgs boson interactions by the ATLAS experiment
ten years after the discovery, Nature 607 (2022) 52 [Erratum ibid. 612 (2022) E24]
[arXiv:2207.00092] [INSPIRE].

R. Harnik, J. Kopp and J. Zupan, Flavor Violating Higgs Decays, JHEP 03 (2013) 026
[arXiv:1209.1397] [INSPIRE].

A. Navarro and J. Eschle, phasespace: n-body phase space generation in Python, J. Open
Source Softw. 4 (2019) 1570.

FASER collaboration, First Results from the Search for Dark Photons with the FASER
Detector at the LHC, CERN-FASER-CONF-2023-001, CERN, Geneva (2023).

NA62 collaboration, Search for dark photon decays to u*p~ at NA62, JHEP 09 (2023) 035
[arXiv:2303.08666] INSPIRE].

P. Ilten, Y. Soreq, M. Williams and W. Xue, Serendipity in dark photon searches, JHEP 06
(2018) 004 [arXiv:1801.04847] [INSPIRE].

~ 91 —


https://doi.org/10.1007/JHEP07(2015)018
https://arxiv.org/abs/1503.07872
https://inspirehep.net/literature/1356736
https://doi.org/10.1007/JHEP05(2022)133
https://arxiv.org/abs/2204.05992
https://inspirehep.net/literature/2066049
https://doi.org/10.1016/0550-3213(74)90514-8
https://inspirehep.net/literature/89617
https://doi.org/10.1103/PhysRevLett.51.164
https://inspirehep.net/literature/190151
https://doi.org/10.1103/PhysRevD.38.2077
https://doi.org/10.1103/PhysRevD.38.2077
https://inspirehep.net/literature/260821
https://doi.org/10.1103/PhysRevLett.41.442
https://doi.org/10.1103/PhysRevLett.41.442
https://inspirehep.net/literature/135659
https://doi.org/10.1103/physrevlett.3.288
https://doi.org/10.1103/physrevlett.3.288
https://doi.org/10.1007/JHEP05(2017)083
https://arxiv.org/abs/1701.08767
https://inspirehep.net/literature/1511421
https://arxiv.org/abs/2305.18106
https://inspirehep.net/literature/2663255
https://doi.org/10.1016/j.physletb.2019.135148
https://arxiv.org/abs/1909.10235
https://inspirehep.net/literature/1755410
https://doi.org/10.1038/s41586-022-04893-w
https://arxiv.org/abs/2207.00092
https://inspirehep.net/literature/2104706
https://doi.org/10.1007/JHEP03(2013)026
https://arxiv.org/abs/1209.1397
https://inspirehep.net/literature/1184810
https://doi.org/10.21105/joss.01570
https://doi.org/10.21105/joss.01570
http://cds.cern.ch/record/2853210
https://doi.org/10.1007/JHEP09(2023)035
https://arxiv.org/abs/2303.08666
https://inspirehep.net/literature/2642398
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1007/JHEP06(2018)004
https://arxiv.org/abs/1801.04847
https://inspirehep.net/literature/1648160

	Introduction
	Standard Model decays: mu**(+) –> e**(+) e**(+) e**(-) e**(+) e**(-) bar nu(mu) nu(e)
	Exotic muon decay: mu**(+) –> e**(+) e**(+) e**(-) e**(+) e**(-)
	A dark sector model
	Signal rate prediction
	Other experimental bounds

	Experimental reach
	Experimental backgrounds
	Mu3e simulation
	The Mu3e sensitivity
	Future directions

	Conclusions

