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The muon trident process, which involves coherent scattering to produce tau pairs, is a powerful tool for
constraining dark sectors. We propose to explore this channel using future high-energy muon beams with
the dedicated active-target detector, High-Energy Muon Electronic Research Apparatus (HEMERA). The
detector would complement muon beam-dump searches by resolving prompt signatures and could operate
from preparatory facilities involving an individual muon beam of the full muon collider. We illustrate its
capabilities for a leptophilic scalar with Yukawa-like couplings that can mediate thermal dark matter
production. With 1018 incident TeV-scale muons, even a compact 10 kg silicon-based HEMERA will
extend current B-factory and ðg − 2Þμ bounds by over an order of magnitude in coupling strength. In the
leptophilic thermal dark matter paradigm, this search offers a way to probe dark sector targets beyond
the neutrino floor of dark matter direct detection. This provides an additional compelling motivation for the
development of high-energy muon beam infrastructure.
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I. INTRODUCTION

The use of high-energy muon beams in future accelerator
programs has gained renewed attention in recent years,
particularly in connection with the proposed muon collider
(MuC) [1–3]. The MuC promises both significantly
reduced synchrotron energy losses compared to electron-
positron colliders and a cleaner environment for new
physics searches and precision Standard Model (SM)
measurements than is possible with hadronic collisions.
However, realizing this ambitious project requires techno-
logical advancements that must first be validated in
dedicated experimental facilities. This preparatory phase
would benefit significantly from defining independent
physics goals that underscore the unique advantages of
using TeV-scale muon beams.
In this context, recent discussions have centered on

leveraging high-energy muon beams for various applications.
These include a beam-dump search for beyond the Standard
Model (BSM) species at the MuC [4–6], new physics

investigations at the proposed μTRISTAN collider [7],
and even the utilization of TeV-scale muons abundantly
produced in the forward region of the Large Hadron
Collider (LHC) [8–12]. This complements the existing
NA64-μ experimental program, which uses a beam of
160 GeVmuons [13–15], and various other future detectors
designed to operate at similar or lower energies [16–18].
Precision muon physics at the TeV energy scale unlocks

new search opportunities currently inaccessible at lower
energies. A compelling example is the anticipated future
measurement of the muon trident process on a nuclear
target A [19–32]. Here we focus on di-tau production via
μA → μτþτ−A. Sample diagrams are shown in Fig. 1.
While the process remains unobserved, its SM cross section
is predicted to grow by several orders of magnitude as the
incident muon energy increases from Eμ ∼ 100 GeV
to 1 TeV [21,28,29,31]. Furthermore, the presence of
final-state tau leptons with Eτ ≳ 100 GeV may render their
short charged tracks detectable, providing an additional
handle for their identification. Consequently, high-resolu-
tion experiments utilizing intense, energetic muon beams
are uniquely positioned to carry out this measurement.
In this study, we consider this proposed measurement as a

novel laboratory for new physics searches. Muon-induced
di-tau production has recently been identified as a powerful
tool for constraining dark matter (DM) particles coupled to
the SM through lepton flavor violating (LFV) operators
involving second and third generation leptons [10]. The
sensitivity in that scenario primarily relies on the LFV-driven
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muon charge flip in the detector. Here, we extend this
potential by demonstrating that the considered muon trident
process can also probe new physics without LFV inter-
actions, even when SM backgrounds are significant. This
search could be performed using the proposed active-target
experiment, hereafter referred to as the High-Energy Muon
Electronic Research Apparatus (HEMERA).1 We illustrate
this through the study of a leptophilic scalar S that exhibits
Yukawa-like couplings to all lepton generations, a pattern
naturally consistent with minimal flavor violation (MFV)
[33–35].2 We find that if S also mediates interactions with
DM, this novel search would place limits on thermal relic
targets that are complementary to DM direct detection
experiments and can reach beyond the so-called neutrino
floor [36], where traditional underground detectors face
fundamental irreducible backgrounds.
The paper is organized as follows. In Secs. II and III, we

discuss muon di-tau production within the SM and BSM
contexts, respectively. We outline a detection strategy in
Sec. IV. Section V focuses on the search for leptophilic
scalars, detailing the proposed experimental cuts and the
resulting sensitivity projections. We conclude in Sec. VI.

II. DI-TAU PRODUCTION IN THE SM

Muon di-tau trident processes in the SM can proceed
through coherent scattering with the nucleus, incoherent
scattering with the constituent nucleons, inelastic scattering
with the nucleons and scattering from atomic electrons.
Unlike in eþe− pair production in μe → μeþe−e, muon
production of τþτ− is very small relative to the other

processes in the energy range relevant to this paper [31]. As
further discussed in Sec. IV, we focus on detection of
coherent scattering with the nucleus.
There is an extensive literature on muon initiated trident

processes [19,21,22,25–31]. Figure 1 shows representative
Feynman diagrams for di-tau production for coherent muon
scattering with A. In the SM, di-tau production in coherent
scattering with A can proceed through the subprocess of
virtual light-by-light scattering, and by a virtual photon
conversion to di-tau pairs from either the initial- or final-
state muon. Z-boson mediated diagrams are heavily sup-
pressed in the kinematic regime of interest. For coherent
scattering, the momentum transfer to the nucleus is small,
jq2j ≪ M2

Z, and the typical invariant mass of the τþτ− pair
remains well below the Z pole, rendering the weak
contribution negligible. Finally, the process where a virtual
photon is emitted directly from the nucleus to convert into a
di-tau pair is also negligible compared to the first two
mechanisms and will not be discussed further.
The first two processes are represented by the “a”

(Bethe-Heitler-like) and “b” (Compton-like) diagrams in
Fig. 1. The two sets of diagrams are separately gauge
invariant. The cross section from the a-diagrams dominates
the total cross section because there are two spacelike
photon propagators, whereas in the b-diagrams, there is
one spacelike and one timelike photon propagator. The
interference term between a- and b-diagrams vanishes in
the total cross section because of charge-conjugation
invariance [19,22,29]. The a-diagrams with γ�γ� → τþτ−
are C-even, while the b-diagrams with γ� → τþτ− are
C-odd, so the interference term in the total cross section
vanishes. Indeed, for differential distributions in which the
taus of both charges are treated uniformly, the interference
of a- and b-diagrams does not contribute [19,22]. We
include both a- and b- contributions in what follows, and
we consider distributions for which the interference dia-
grams do not contribute.
For the process

μðkÞ þ AðpÞ → μðk1Þ þ τþðpþÞ þ τ−ðp−Þ þ Aðp2Þ ð1Þ

we define q ¼ p − p2, q2 ¼ −Q2, and p2 ¼ p2
2 ¼ M2. For

a-diagrams, the photon propagator qa ¼ k − k1 connects the
muon propagator to the tau pair, while for the b-diagrams,
this photon propagator has momentum qb ¼ pþ þ p−. We
define q2b ¼ m2

ττ. The differential cross section can be
written as

dσ ¼ ð2πÞ4
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2p · kÞ2 − 4m2

μM2
q X

d¼a;b

LðdÞ
μν Wμν e8

q4q4d

× δ4ðkþ p − k1 − pþ − p− − p2Þ

×
d3k1

2E1ð2πÞ3
d3pþ

2Eþð2πÞ3
d3p−

2E−ð2πÞ3
d3p2

2E2ð2πÞ3
ð2Þ

(a) (b)

FIG. 1. Sample dominant Feynman diagrams for muon-induced
di-tau production in the Standard Model and new physics scalar S
production (on-shell) in dark bremsstrahlung followed by its decay.

1In Greek mythology, Hemera was the goddess of daylight;
corresponding to the experiment’s ability to “bring to light”
new physics sectors currently obscured by SM backgrounds.

2A Python script for SM and BSM cross section calculations
and kinematic cut analysis relevant for the project is available in
the taupair_trident directory at https://github.com/LuKupari/
HEMERA.git.
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The leptonic tensors for d ¼ a, b can be written respectively
in terms of tensors for the muon traces and the tau traces
[21,28] (see also Refs. [31,37]):

LðaÞ
μν ¼ AðμÞ

αβ ½BðτÞ�αβμν ð3Þ

LðbÞ
μν ¼ CðτÞ

αβ ½DðμÞ�αβμν : ð4Þ

The hadronic tensor can be reduced to

Wμν ¼ −gμνW1ðQ2Þ þ pμpν

M2
W2ðQ2Þ: ð5Þ

We used the symbolic manipulation program FORM to
evaluate the matrix elements [38].
The nuclear form factors, with the definitions and

normalizations above, can be written as

W1

4M2
¼ τG2

M ð6Þ

W2

4M2
¼ G2

E þ τG2
M

1þ τ
ð7Þ

τ ¼ Q2

4M2
: ð8Þ

For a proton target, GEðQ2Þ ¼ GðQ2Þ and GMðQ2Þ ¼
2.79GðQ2Þ, where we use the dipole approximation
for GðQ2Þ [39]:

GðQ2Þ ¼ 1

ð1þQ2=0.71 GeV2Þ2 : ð9Þ

More sophisticated treatments of the free nucleon form
factor with the z-expansion method are described in
Refs. [40,41]. The dipole form is sufficient for the analysis
presented here.
For nuclear targets considered here, we take the magnetic

form factor equal to zero, and replace the proton form factor
GE with the form factor that includes electron screening,
which for large A can be written approximately as [42]

GZ;eff
E ðQ2Þ ¼ GZ

EðQ2Þ − FZ
e ðQ2Þ ð10Þ

GZ
EðQ2Þ ¼ Z

ð1þ a2Q2=12Þ2
a ¼ ð0.58þ 0.82A1=3Þ5.07 GeV−1 ð11Þ

FZ
e ðQ2Þ ¼ Z

1þ a2eQ2

ae ¼ 111.7Z−1=3=me: ð12Þ

We have assumed the nuclear target is a fermion. The
results are similar with a scalar nuclear target [43,44].

We use the adaptive Monte Carlo code VEGAS to perform
the numerical integrations [45].

III. LEPTOPHILIC SCALAR PRODUCTION
AND DECAY

The muon di-tau trident signature can also be mediated
by BSM interactions, opening a new window to constrain
new physics. For instance, this process can be driven by
heavy new physics parametrized through dimension-six
SMEFT four-lepton operators involving the μ–τ sector that
are notoriously difficult in eþe− colliders [46]. Below, we
illustrate this by considering the search for leptophilic
scalars S with Yukawa-like couplings. The relevant inter-
action term with the SM leptons l is described by

L ⊃ −ξ
X

l¼e;μ;τ

ml

v
Sll; ð13Þ

where ml are the lepton masses, v ¼ 246 GeV is the SM
Higgs boson vacuum expectation value (vev), and the
dimensionless coupling strength is denoted by ξ. The
UV completion of the operator in Eq. (13), which preserves
SM gauge invariance, might arise, e.g., from a lepton-
specific two Higgs doublet model [47].
The Yukawa-like structure of couplings is inspired by the

MFV framework, which relates flavor-changing BSM
patterns to the relevant SM structure [33–35]. We note,
however, that even stronger, or modified, hierarchy between
the couplings of the new scalar can be obtained if this
assumption is lifted [48]. The considered muon-induced
trident process would remain a useful probe of such
scenarios as long as both couplings to muons and tau
leptons are not too strongly suppressed.
Light new scalars with masses below the SMHiggs boson

mass can induce a substantial BSM contribution to the
anomalous magnetic moment of the muon, ðg − 2Þμ [49],
cf. also Refs. [47,50] for discussion specific to leptophilic
scalars. This prompted further analyses proposing the search
for such new scalars in active beam-dump experiments
[16,51]. The relevant bounds apply primarily to invisible
decay modes of these scalars, or to scenarios with displaced
S decays, cf. Ref. [15] for the recent NA64-μ constraints.
The invisible decay mode may arise naturally in scenar-

ios where Smediates interactions between the SM and dark
matter (DM), e.g.,

L ⊃ −gχSχχ̄; ð14Þ

where we have introduced a new Dirac fermion χ as a DM
candidate. However, formχ > mS, the scalar decays visibly
into SM leptons even in this scenario. In this visible decay
case, and for gχ ≫ ξmτ=v, the DM relic density is set by
secluded annihilations, χχ̄ → SS, independently of the ξ
coupling strength. The relevant dark coupling constant can
be found by fitting the observed DM abundance [52], and
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it corresponds to gχ;th: ∼ 0.1 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mχ=10 GeV

p
formχ ≫ mS

[53]. The secluded annihilation mode is p-wave sup-
pressed, thereby evading stringent bounds from DM
indirect detection.
Regarding DM direct detection, tree-level couplings to

quarks are absent and interactions with electrons are
strongly suppressed. However, DM-nucleon scattering is
induced at the loop level via two-photon exchange medi-
ated by lepton triangle loops [54,55]. In this case, besides
electron loops, Yukawa-like couplings of the leptophilic
scalar under study yield additional non-negligible contri-
butions from heavier leptons. This elevates the effective
DM-nucleus cross section to values that can be probed by
modern underground detectors [56]. Searching for the
scalar mediator at accelerator facilities thus offers a
complementary probe to DM direct detection. By directly
targeting the unstable mediator particle, such searches
provide a window to test this DM portal both within and
beyond the thermal DM paradigm.
In the following, we will focus on the search for a new

scalar with the mass above the di-tau threshold, mS > 2mτ.
Such a massive new scalar decays predominantly into tau
pairs with a nearly 100% branching fraction, while its
decay widths into lighter leptons remain suppressed by
factors of m2

eðμÞ=m
2
τ . The S → ττ̄ decay length is tiny,

d̄S→ττ̄ ≃ ð6.4 × 10−8 cmÞ ×
�
1

β�τ

�
3

×

�
4 GeV
mS

�
2
�
1

ξ

�
2
�

ES

100 GeV

�
; ð15Þ

where β�τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

τ=m2
S

p
is the tau lepton velocity in the

S rest frame. The BSM scalar decays immediately after
being produced in the active target, leaving no detectable
vertex separation in the considered detector setups.
As illustrated in Fig. 1, the BSM scalar S is produced on-

shell via high-energy muon bremsstrahlung, μN → μNS,
followed by the decay S → τþτ−. The differential cross
section of the b-diagram with scalar S is written as

dσ ¼ ð2πÞ4
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2p · kÞ2 − 4m2

μM2
q LS

μνWμν

×
e4g2μg2τ

q4½ðm2
ττ −m2

SÞ2 þm2
SΓ2�

× δ4ðkþ p − k1 − pþ − p− − p2Þ

×
d3k1

2E1ð2πÞ3
d3pþ

2Eþð2πÞ3
d3p−

2E−ð2πÞ3
d3p2

2E2ð2πÞ3
; ð16Þ

where gα ¼ ξmα=v (α ¼ μ, τ), andmττ is the invariant mass
of the τþτ− pair. The leptonic tensor LS

μν includes the
production and decay of the scalar S,

LS
μν ¼ 2ðm2

ττ − 4m2
τÞ ×MðμÞ

μν : ð17Þ

Here, we assume the coherent scattering regime, charac-
terized by small momentum transfer to the nucleus, and
consider the prompt decay of S into a tau pair. The resulting
signature consists of a final-state muon and two tau leptons,
accompanied by negligible nuclear recoil. The nuclear form
factors are the same as SM diagrams defined in Sec. II. The
histograms in Fig. 2 show the invariant mass distributions
of the tau pair for the BSM process involving scalar decay
for two benchmark scenarios: BP1 with mS ¼ 4 GeV and
ξ ¼ 5, and BP2 with mS ¼ 10 GeV and ξ ¼ 20. For
comparison, we also show the invariant mass distributions
for the SM processes corresponding to diagrams (a)
and (b) in Fig. 1. As illustrated, the search for a leptophilic
scalar signal necessitates the efficient rejection of SM
backgrounds, which is discussed below. All relevant

expressions, including the leptonic tensor MðμÞ
μν not explic-

itly shown here, can be found in the Python script associated
with this paper (see footnote 2).

IV. DETECTING MUON-INDUCED DI-TAUS

Backgrounds. A successful search for muon tridents
requires not only an intense, high-energy μ beam but also
detection strategies capable of simultaneously measuring
muon energy loss and identifying both tau leptons in the
final state. An additional challenge is suppressing back-
grounds from diffractive and deep-inelastic scattering
(DIS), which involve larger momentum transfer to the
nucleus. We note that muon interactions mediated by W
bosons (charged-current DIS) are naturally suppressed by

FIG. 2. Differential cross section as a function of invariant mass
of τþτ− pair for Eμ ¼ 1 TeV. The dashed lines show the
distributions for the SM processes, while the solid lines corre-
spond to the BSM case. For the BSM process, the benchmark
point BP1 has mS ¼ 4 GeV and ξ ¼ 5. BP2 has mS ¼ 10 GeV
and ξ ¼ 20.
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the large W mass compared to photon mediated inter-
actions. Nevertheless, the former processes, where the
primary muon is converted into a neutrino, could mimic
a significant muon energy loss if a final-state pion is
misidentified as the outgoing muon. Notably, however, DIS
processes typically involve multiple charged tracks from
the hadronic shower. Suppression of these backgrounds
should be achieved by reconstructing the primary vertex to
analyze the charged-track multiplicity and other kinematic
variables, cf. the discussion of a proposed neutrino trident
process measurement at the LHC [57].
Crucially, while prompt hadronic backgrounds (such as

final-state pions) originate at the primary vertex, the short-
lived but boosted tau leptons can be identified by their
distinct displaced decay vertices. This spatial separation,
which demands an experimental setup with micrometer-
scale vertex resolution, is the primary handle for distin-
guishing the di-tau signal from prompt SM backgrounds
that might otherwise mimic the kinematic signatures of the
trident interaction. The effectiveness of this suppression
depends significantly on the tau decay topology. While
1-prong hadronic decays may be mimicked by isolated
prompt pions, the identification of 3-prong decays (e.g.,
τ� → π�π�π∓ντ) provides a particularly powerful rejec-
tion tool. Reconstructing three charged tracks that converge
at a secondary vertex, separated from the primary vertex,
provides a robust handle for rejecting prompt hadronic
backgrounds.
Another potential source of background for the dis-

placed-vertex signature is the production of heavy-flavor
mesons, specifically open charm and bottom, μA → μcc̄X
and μA → μbb̄X, with bb̄ suppressed relative to cc̄.
Mesons such as D� and D�

s , have decay lengths of
cτ ∼ 100–300 μm, which are comparable to the tau lepton
[58]. However, these backgrounds can be efficiently
mitigated by applying a cut on the track multiplicity at
the primary vertex and studying the secondary-vertex
decay kinematics. First, the dominant production mecha-
nism for open heavy flavor in muon scattering is deep-
inelastic photon-gluon fusion, which produces prompt
hadronic activity at the primary vertex [59,60]. Instead,
the coherent di-tau trident signal leaves the nucleus intact.
Thus, a track-multiplicity cut at the primary vertex within
the active target may effectively suppress this deep-
inelastic background.
Second, for coherent or diffractive heavy-flavor produc-

tion [61,62], the decay kinematics provide additional
discrimination. For instance, the hadronic decay D� →
K∓π�π�, which can mimic a 3-prong tau decay, lacks a
final-state neutrino. In the case of the tau lepton, the
corresponding missing (neutrino) transverse momentum
leads to a characteristic angular deflection (kink) relative to
the reconstructed intermediate tau track, which provides an
additional handle on the tau lepton identification [63].
Semileptonic heavy-flavor decays will have missing

transverse momentum; however, they can also be rejected
by vetoing additional prompt electrons and muons or by
identifying the final-state kaons. We also note that the
notorious diffractive Ds meson production, followed by the
decay Ds → τντ, which was observed as a background in
neutrino trident searches at NuTeV [64], arises via charged-
current W-boson exchange, which produces a single Ds
meson. Instead, muon scattering mimicking the di-tau
trident production proceeds via neutral currents and leads
to the production of a cc̄ pair. The probability for both
charm quarks to hadronize into Ds mesons and sub-
sequently decay into tau leptons is highly suppressed.
Finally, bottom meson production is kinematically heavily
suppressed by the b-quark mass at the considered fixed-
target collision energies, and the large visible invariant
mass of its decay products allows for distinguishing it from
the tau signature [58].
Furthermore, a fixed-target muon program faces neu-

trino-induced backgrounds due to muon decays in flight,
though these can be vetoed in the active target by tagging
the incident muons. Similarly, trident events induced by
high-energy electrons or positrons, which are also present
in an intense muon beam, must be rejected based on the
detection of the final-state e�. The detailed modeling and
mitigation of these backgrounds will depend on the final
detector configuration and should be the subject of future
studies using full detector simulations. In the following
analysis, we highlight these challenges to define the
required detector capabilities, while focusing our quanti-
tative study on the primary irreducible SM backgrounds
originating from coherent muon-nucleus interactions with
tau pairs in the final state. These processes represent the
fundamental physical floor for the di-tau trident search,
against which the sensitivity to new physics must be
evaluated.
The main irreducible background source in new physics

searches is the SM trident process, which we focus on in
Sec. V. The signature could, however, also be mimicked by
a two-step process involving a hard bremsstrahlung photon
that subsequently converts into a tau pair, μN → μγN
followed by γN → τþτ−N. This potential background is,
however, heavily suppressed by three primary factors. First,
in line with the experimental cuts discussed below, we
require the bremsstrahlung photon to carry nearly the entire
incident energy, defined by the fractional energy transfer
ν ¼ Eγ=Eμ ≳ 0.95, which is statistically rare. The differ-
ential cross section for muon bremsstrahlung scales as 1=ν,
leading to an interaction length for such “catastrophic”
energy loss of approximately 70–80 km in silicon at
Eμ ¼ 1 TeV [65]. For a 1-meter-long detector, the prob-
ability of such an emission is only ∼10−5.
Second, the QED pair production cross section scales

with the lepton mass as 1=m2
l, resulting in a suppression of

more than seven orders of magnitude for tau pairs relative
to the dominant eþe− channel, given ðme=mτÞ2 ≈ 8 × 10−8.
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Finally, such a process is typically spatially displaced; a
photon travels a characteristic distance governed by the
radiation length (X0 ≃ 9.37 cm in silicon) before con-
verting. For a vertex resolution of δz ∼ 100 μm, the
probability of the photon converting close enough to the
primary vertex to mimic a single coherent interaction
introduces an additional suppression of approximately
three orders of magnitude. These cumulative factors result
in a total suppression of Oð10−15Þ per incident muon.
Although this yields a nonvanishing number of events for
large muon fluxes, after kinematic cuts this two-step
process remains strongly subdominant to the primary
SM muon trident signal discussed below. Consequently,
in the next section, we focus on the standard SM muon
trident production as the primary irreducible background
for this search.
Signal detection. Having established that the muon

trident process remains the main irreducible background,
we now turn to the instrumentation required to isolate this
signal. Reference [10] proposed expanding the concept of a
muon beam-dump experiment at the MuC [4] into a
dedicated active-target experiment to enable the measure-
ments above. The study showed that even a 2 cm-thick lead
plate interleaved with electronic detectors and running for a
fraction of the collider time could be sufficient to probe
interesting and cosmologically viable BSM scenarios. As in
the beam-dump setup, the active target must be followed by
a full detector to isolate the muon trident process properly.
This includes a spectrometer, calorimeter, and muon ID
system.
Remarkably, a similar detector setup has been proposed

for the forward neutrino physics program at the MuC [2,66];

see also recent studies on BSM prospects [67,68]. In that
context, the active target is a cylindrical vertex detector
(1 m long, 10 cm radius), composed of 750 silicon tracking
planes equivalent to 10 kg target material. With an average
spacing between planes of approximately 1.3 mm, this high-
granularity detector provides a longitudinal vertex resolution
δz of order tens of μm, a level of precision demonstrated by
the benchmarks for modern high-granularity trackers [69].
This precision is more than sufficient to resolve the displaced
decay vertices of the τ leptons, which at a few hundred GeV
energy are boosted to characteristic decay lengths of several
centimeters. Finally, this tracking density also helps identify
and reject background from hard bremsstrahlung photons, as
discussed above.
We schematically illustrate this experimental setup in

Fig. 3, assuming it could be adapted to study high-energy
muon interactions at future accelerator facilities. We refer
to such a proposed detector as HEMERA. The detector
would be installed in a muon beam-dump area and could
operate sequentially with the proposed beam-dump experi-
ment, as they share essential components. This sequential
operation, i.e., switching between fixed-target and beam-
dump modes, is a well-tested approach, used, for example,
by the NA62 experiment at CERN [70]. In that case, the
transition involves periodically removing the target and
closing the collimator. The latter then serves as the beam
dump. For the setup discussed here, the transition to the
beam-dump mode would also require activating a strong
magnetic field to deflect final-state muons traversing the
dump, preventing contamination of the new physics search.
Conversely, in the active-target (HEMERA) mode of our
interest in this study, outgoing muons are an essential part

FIG. 3. Schematic design of the proposed HEMERA detector. An incident muon impinges on the active target, producing two tau
leptons and one outgoing muon in the final state. The tau leptons decay rapidly, leaving only short tracks in the active target material.
The 3-prong tau decay into three charged pions is shown for illustration. These pions are subsequently detected in the spectrometer and
deposit their energy in the calorimeter. For clarity, only the decay products of one tau lepton are depicted, although both leptons decay.
The outgoing muon’s momentum is measured using the spectrometer, and the muon system at the end is used for identification. The
active-target operation mode of HEMERA requires lifting the front dump and moving the active target into the beam axis, as indicated
by the arrows. The front magnet is off in this configuration, while its function is to deflect muons traversing the dump during the beam-
dump operation mode (cf. Refs. [4,5]). The downstream detector components are based on the design of the forward neutrino detector
proposed for the muon collider [66].

DAS, KUPARI, RENO, and TROJANOWSKI PHYS. REV. D 114, 075029 (2026)

075029-6



of the signature and must be measured by the downstream
detector components.
In this study, we focus on HEMERA utilizing a fixed-

energy muon beam of Eμ ¼ 1 TeV. A single high-energy
muon beam is sufficient to perform this search. Prior to full
MuC operations, such a beam could be delivered by
facilities like the proposed μTRISTAN [71]. In the follow-
ing, we adopt Nμ ¼ 1018 as the reference value for the
number of muons on target (MOT). This corresponds to one
hundred hours of operation under the baseline muon
accelerator program (MAP) design [72,73].
Since the MuC is designed for even higher energies, up

to a few TeV [1–3], we also discuss results obtained for
HEMERA operating at Eμ ¼ 5 TeV for comparison. We
adopt 1020 MOT as the reference in this case, which
represents an entire MAP physics run and, therefore,
corresponds to the ultimate sensitivity of the considered
search [4].
With these benchmark exposures, we expect Oð1010Þ

SM coherent di-tau trident events before kinematic cuts. As
this process has never been observed experimentally,
measuring it would be a valuable test of the SM in its
own right. Given the expected event rates, the statistical
uncertainty on the SM cross section will be strongly
suppressed (≪ 0.1%). We note that the incident muon
beam is expected to be essentially monochromatic, with a
beam energy spread of Oð0.1%Þ [3]. Hence, the di-tau
production cross section will be measured at a fixed energy,
and its precision will depend on uncertainties in the total
incident muon flux and tracking efficiency, combined with
theoretical uncertainties on the nuclear form factors.
Nevertheless, a measurement of the muon-induced di-tau

production cross section with even a few-percent precision
would be impactful. In this process, the longitudinal
momentum transfer to the target nucleus scales inversely
with the muon energy loss. Even for the catastrophic muon
energy loss, the momentum transfer remains typically
within a few MeV range. This value is several orders of
magnitude greater than the typical atomic screening
momentum of ≲10 keV, which is relevant for dominant
eþe− production. The considered process would thus
provide a clean, purely leptonic probe of the unscreened
coherent nuclear form factor in the tens of MeV regime.
Beyond testing the SM in this limit, the SM measurement
will also facilitate calibration of the HEMERA detector for
the BSM search discussed below.
Last but not least, we note that TeV-scale muons are

naturally produced in the forward region of the LHC. In this
scenario, an intense μ beam is only partially deflected by
the strong LHC magnets and by interactions with the
collider infrastructure and its environment. Consequently, a
substantial number of these muons is expected to reach far-
forward detectors, such as the currently operating FASER
[74,75] and SND@LHC [76] experiments. While these
muons constitute a background for typical new physics

searches and neutrino measurements, they also motivate
additional physics studies [8–12].
We expect approximately 109 MOT to hit the existing

forward detectors during the ongoing Run 3 data-taking
period. This number is predicted to grow by two to three
orders of magnitude for the proposed Forward Physics
Facility (FPF) at CERN [77–79]. While limited statistics
constrain the sensitivity of muon trident-based new physics
searches at the LHC, existing forward neutrino detectors,
such as FASERν [80,81], already offer the capability to
measure short τ lepton tracks produced in tau neutrino
interactions within their tungsten targets. This provides a
valuable proof-of-principle experimental setup for the
proposed search. However, future, much more intense
muon beams will likely require a different type of active
target in HEMERA (e.g., the silicon tracking planes
discussed above) to reduce detector occupancy and enable
real-time reconstruction.

V. SEARCH FOR LEPTOPHILIC SCALARS

As discussed above, the search for muon-induced di-tau
tridents should rely on the joint identification of the
outgoing muon and the tau-lepton pair. Given the very
short decay lengths of the BSM scalar S, its coherent
production yields a signature effectively identical to the
irreducible SM trident process. Consequently, isolating the
BSM signal in HEMERA depends on suppressing SM
backgrounds through optimized kinematic cuts. In the
following, we discuss the impact of two such cuts based
on the muon energy loss and the invariant mass of the
tau pair.
Muon energy loss. For mS ≫ mμ, the outgoing scalar

tends to carry away the bulk of the incident muon energy,
resulting in “catastrophic” energy loss for the muon. In
Fig. 4, we show the projected signal significance (S=

ffiffiffiffi
B

p
)

for HEMERA as a function of the outgoing muon energy,
Eμ;out, for a fixed incident energy of Eμ;in ¼ 1 TeV and
1018 MOT. We consider two benchmark points BP1 and
BP2 introduced in Sec. III. As illustrated, the S=

ffiffiffiffi
B

p
ratio

peaks at low outgoing muon energies, as the BSM signal
favors a large momentum transfer to the final-state scalar.
The efficiency of this cut depends on both the muon

spectrometer’s energy resolution and the ability to detect
soft muons emerging from the target. Downstream magnets
can significantly deflect low-energy muons before they
reach the muon identification system. This presents a
particular challenge for detectors optimized for high-energy
interactions, which typically utilize strong magnetic fields
to accurately measure “hard” final-state particles.
For instance, a 30 GeV threshold approximately corre-

sponds to the current capabilities for forward muon
measurements at the LHC in the FASER experiment
[81,82]. Lowering this threshold, however, could signifi-
cantly improve signal acceptance; for mS ¼ 4 GeV,
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the acceptance increases from 62% at a 30 GeV threshold to
79% at 10 GeV, and 98% at 1 GeV. In the following, we
assume for the sake of illustration that soft final-state muons
with energies Eμ;out > 10 GeV can be identified. We also
require Eμ;out < 50 GeV to suppress SM backgrounds.
Tau pair invariant mass. The muon energy loss cut does

not strictly require a precise measurement of final-state
energy, provided the value remains below the 50 GeV
threshold. However, such a measurement would further
constrain the tau pair invariant mass, mττ, given the
negligible nuclear recoil in the coherent scatterings. This
reconstruction would be further enhanced by the

measurement of charged tau decay products and inter-
mediate tau tracks.
In the left panel of Fig. 5, we show the fraction of di-tau

production events where both tau track lengths exceed the
minimal threshold indicated on the horizontal axis. Results
are presented for both SM events and BSM scalar
production followed by the prompt S → τþτ− decay.
The plot assumes a 1 TeV incident muon energy and
includes events satisfying the muon energy loss cut,
10 GeV≲ Eμ;out ≲ 50 GeV, where the lower limit repre-
sents the detectability criterion for soft final-state muons
discussed above. As can be seen, typical boosted tau
decay lengths in this case are of the order of a few
millimeters; therefore, facilitating successful intermediate
track identification in modern electronic detectors with
submillimeter position resolution to be utilized in
HEMERA’s high-granularity silicon planes, cf. Sec. IV.
We note that applying the muon energy loss cut

effectively restricts the energy of the outgoing scalar to
ES ≈ ð950–990Þ GeV. The resulting tau lepton energy
distribution from S decays exhibits a characteristic box
shape in the lab frame, with a width of ΔEτ ≃ ESβ

�
τ . Here,

we assume ES ≃ pS for a highly boosted scalar, and
β�τ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

τ=m2
S

p
is the tau lepton velocity in the S

rest frame. As β�τ increases with mS, so does the width of
the tau energy distribution. The production of softer tau
leptons in this regime leads to a characteristic reduction in
the minimum τ track length for mS ¼ 10 GeV (BP2)
compared to mS ¼ 4 GeV (BP1), as shown in the plot.
Due to the significant boost of the BSM scalar S, the

two tau tracks produced in its decay will exhibit a very
small opening angle, θττ ∼mS=ES ∼ 10 mrad for mS ¼
Oð10 GeVÞ and ES ∼ 1 TeV. Consequently, the two
intermediate tau tracks will likely appear as a single
“fat” (or double) track within the detector. Specifically,

FIG. 4. Signal significance S=
ffiffiffiffi
B

p
as a function of the outgoing

muon energy, Eμ;out, for the muon trident process in HEMERA
assuming 1018 muons on target (MOT) consisting of 10 kg of
silicon for incident muon energy of 1 TeV. Results are shown for
the two benchmark scenarios, BP1 and BP2, where BP1 has
mS ¼ 4 GeV and ξ ¼ 5, while BP2 has mS ¼ 10 GeV and
ξ ¼ 20. The horizontal dashed black line indicates the S=

ffiffiffiffi
B

p ¼
2 sensitivity threshold.

FIG. 5. Kinematic distributions for muon-induced di-tau production in HEMERA operating at Eμ ¼ 1 TeV with 1018 MOT. Left: the
fraction of events where both final-state tau leptons have a track length exceeding the threshold indicated on the horizontal axis. Right:
the invariant mass distribution of the tau pair,mττ, comparing the SM background with the BSM signal benchmarks BP1 (mS ¼ 4 GeV)
and BP2 (mS ¼ 10 GeV). Both panels assume the muon energy loss cut 10 GeV < Eμ; out < 50 GeV has been applied. The BSM
signals are shown as stacked histograms on top of the SM background, assuming an invariant mass resolution of Δmττ ¼ 1 GeV.
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a tau decay length of approximately 10 mm is required to
achieve a spatial separation of 10 mrad × 10 mm ≃
100 μm, which is comparable to the pitch size of a typical
silicon tracker. For shorter track lengths where spatial
separation is not yet possible, these collimated tau leptons
can be discriminated from single-particle tracks by meas-
uring the ionization energy loss (dE=dx) in the tracker.
The precision of the invariant mass measurement

depends on the tau decay topology. Specifically, whether
the taus undergo 1-prong (single charged track) or 3-prong
(three charged tracks) decays. For the dominant 1-prong
decays, which have a branching fraction of B1 ≃ 85% [83],
identifying the exact decay vertex positions is challenging
because only one visible charged track is produced per tau
lepton. In this scenario, the total energy of the di-tau pair
can be estimated via the muon energy loss. For illustration,
assuming an incident muon energy spread of Oð0.1%Þ
and a few-percent energy resolution for the soft outgoing
muon [3], the di-tau energy could be determined with an
accuracy of several GeV. This represents subpercent
precision given that Eτþ þ Eτ− ≳ 950 GeV after applying
the muon energy loss cut.
The energy splitting between the two tau leptons can

then be determined by analyzing the charged tracks from
the τ decays. In the high-boost regime, assuming the
charged tracks are effectively collinear with their parent
tau leptons, the energy ratio can be approximated as
Eτþ=Eτ− ≃ θτ−=θτþ , where θτ− and θτþ are the angles
relative to the parent S momentum. In the HEMERA
high-precision silicon active target environment, an angular
resolution of σθ ∼ 100 μrad is achievable [83], yielding a
2% accuracy for typical angles of θi ∼ 5 mrad. Propagating
these uncertainties results in a 3% uncertainty on the energy
ratio Eτþ=Eτ− .
In this configuration, the measurement of individual tau

energies is primarily limited by the energy resolution of
the muon spectrometer and the angular resolution of the
tracker. By combining the subpercent precision of the
di-tau energy with the Oð1%Þ precision on the opening
angle θτþτ− and the constrained energy ratio Eτþ=Eτ− , an
invariant mass resolutionΔmττ ≲ 1 GeV could be achieved

for mS ∼ 10 GeV, where mττ ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2

τ þ EτþEτ−θ
2
τþτ−

q
at

high energies.
For the 3-prong τ lepton decay mode, which accounts for

approximately B3 ≃ 15% of the tau branching fraction [83],
the reconstruction of mττ could be further improved. The
primary challenge in this case arises from the aforemen-
tioned “fat track” effect; at > 100 GeV energies, the three
collimated daughter charged tracks create a high-occu-
pancy environment within a few milliradians. As men-
tioned above, however, this high track multiplicity may also
provide an additional experimental signature via ionization
energy loss (dE=dx). In the extreme case of a 3þ 3 prong
topology where the two taus have not yet spatially
diverged, the detector would observe a single “fat” track

with a dE=dx signature of up to six minimum ionizing
particles. This would provide a strong auxiliary handle for
identifying the di-tau system and rejecting single-particle
backgrounds even before individual tracks are resolved.
The submillimeter spatial resolution of the silicon tracker

will eventually allow these collimated bundles to be
resolved into individual tracks. In 1þ 3 or 3þ 3 prong
events, the intersection of these tracks enables a more
precise localization of the secondary tau decay vertex. By
connecting the production vertex to this secondary vertex,
the direction of the parent tau lepton can be determined
with a higher geometric certainty than in 1-prong decays,
where the single track is used as a proxy for the tau
direction. This reduces the uncertainty in the opening angle
θττ and the energy ratio Eτþ=Eτ− , further mitigating the
energy information lost to neutrinos. Considering events
with at least one 3-prong decay could then push the Δmττ

resolution below the 1 GeV threshold and provide a clearer
experimental signature of the di-tau production.
For simplicity, we assume a fixed resolution of Δmττ ¼

1 GeV in the HEMERA analysis below. In the right panel
of Fig. 5, we show the mττ distributions for the SM di-tau
production events and the stacked signal statistics for BSM
signal benchmarks BP1 and BP2. The latter are primarily
localized in individual mττ ≃mS bins, while SM back-
grounds peak close to the di-tau mass threshold with only a
tail of the distribution reaching to larger mττ. The distri-
butions have been obtained after applying the muon energy
loss cut discussed above. As can be seen, considering the
cut on the tau pair invariant mass allows for significantly
improving detection prospects for new scalars. This is
especially true for increasing S mass, for which the BSM
signal could easily be swamped by the dominant SM
background had the mττ bound not been considered.
Sensitivity. In Fig. 6, we present the projected 95% CL

exclusion limits for the proposed HEMERA experiment.
Assuming 1018 MOTat 1 TeVon a 10 kg target, HEMERA
significantly constrains the parameter space of the consid-
ered BSM model. Furthermore, a full MAP physics run
with 1020 MOT and a 5 TeV muon beam, shown by the red
dashed line, would push the sensitivity to even smaller
couplings, potentially reaching ξ ∼ 0.1 in this mass range.
In the plot, we also explicitly mark the aforementioned
benchmark points BP1 (mS ¼ 4 GeV, ξ ¼ 5) and BP2
(mS ¼ 10 GeV, ξ ¼ 20). These projections are compared
with existing bounds from searches for leptophilic scalars
at BABAR [84], Belle [85], and Belle II [86]; see also
Ref. [87] for a further discussion.
We note that the BSM sensitivity will ultimately be

constrained by the systematic uncertainties on the predicted
number of di-tau production events in the detector. A
resonance search focused on the expected bump in the tau
invariant mass would suppress uncertainties in SM event
rates related to, e.g., the total muon flux or the SM cross
section prediction. This can be done by measuring the SM
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rates in neighboring bins in mττ, where no BSM events are
expected for a given leptophilic scalar mass. While this
data-driven background rejection will significantly improve
the prospects for the BSM search, other systematic uncer-
tainties, such as those related to invariant mass resolution
and shape modeling, will limit the true experimental reach.
We leave detailed analyses of such effects for future
studies.
In Fig. 6, we also show the updated 95% CL exclusion

bound on BSM contributions to the muon’s anomalous
magnetic moment. Incorporating the latest experimental
measurements [94–97] alongside the 2025 SM theoretical
update [98], we adopt the discrepancy aexpμ − aSMμ ¼
38ð63Þ × 10−11. This leads to a one-sided 95% CL upper
limit on any BSM contribution of ΔaBSMμ < 1.42 × 10−9.
For the scalar particle S considered here, the one-loop
contribution to ðg − 2Þμ is calculated as [47]

ΔaBSMμ ¼ ξ2

8π2
m2

μ

v2

Z
1

0

x2ð2 − xÞ
x2 þ ð1 − xÞðmS=mμÞ2

dx: ð18Þ

Coupling strengths ξ that yield a contribution exceeding the
1.42 × 10−9 threshold are excluded, as represented by the
shaded region in the parameter space. Furthermore, we

assess the theoretical consistency of the model by requiring
the tau Yukawa coupling, yτ ¼ ξmτ=v, to remain within the
perturbative regime. Taking the simple criterion yτ <

ffiffiffiffiffiffi
4π

p
,

we find a mass-independent perturbativity bound of
ξ≲ 492. As shown in the results, this theoretical ceiling
is significantly less restrictive than the constraints imposed
by ðg − 2Þμ over the entire mS range of interest.
Notably, the BSM scalar of our interest can similarly

contribute to the anomalous magnetic moment of the tau
lepton, aτ. While current bounds on aτ are not yet com-
petitive with the muon anomaly [99–101], future Belle-II
measurements are projected to constrain new physics con-
tributions to this quantity at the level of jaNPτ j < 1.75 × 10−5

[102]. A proposed polarization upgrade of the SuperKEKB
collider could result in even stronger sensitivity, potentially
reaching the 10−6 level [103]. Given the Yukawa-like
coupling of the new scalar S, the BSM contribution is
significantly enhanced for the τ lepton relative to the muon.
This enhancement arises from them2

l scaling in the prefactor
of Eq. (18) and a corresponding reduction in the integrand
suppression when substituting ðmS=mμÞ2 → ðmS=mτÞ2.
Based on the static limit, one would expect future sensitivity
to reach ξ ∼ 10–15 for mS ¼ 10 GeV. We note, however,
that Belle-II will measure this contribution dynamically at
the ϒð4SÞ resonance, ffiffiffi

s
p

≈ 10.58 GeV. In this regime, the
measured τþτ−γ� vertex form factor F2ðsÞ exhibits a power-
law dependence on the energy. This would effectively
weaken the sensitivity to ξ compared to the static prediction,
an estimate of which we leave for a future study.
Complementary to bounds from δaμ, the leptophilic

scalar S induces 1-loop virtual corrections to the Zττ
vertex, which are strongly constrained by precision electro-
weak measurements on the Z boson resonance at LEP. The
most stringent bound arises from the lepton flavor univer-
sality test in the ratio of the Z leptonic partial widths,
ΓðZ → ττÞ=ΓðZ → eeÞ ¼ 1.0019� 0.0032 [91].
The relevant BSM-driven shift in the Z → ττ partial

width is governed by the interference between the SM tree-
level amplitude and the 1-loop scalar exchange, given by

δττ≡ ΓðZ→ ττÞ
ΓðZ→ eeÞ−

�
ΓðZ→ ττÞ
ΓðZ→ eeÞ

�
SM

≃
�
ΓðZ→ ττÞ
ΓðZ→ eeÞ

�
SM

×
2geLReðδgSLÞþ2geRReðδgSRÞ

ðgeLÞ2þðgeRÞ2
; ð19Þ

where geL ¼ −1=2þ sin2 θW and geR ¼ sin2 θW are the SM
electron chiral couplings, and we neglect the strongly
suppressed BSM contributions to the Z → ee decay width,
ΓðZ → eeÞ ≃ ΓSMðZ → eeÞ. Considering the mass of the τ
lepton, the SM prediction for the ratio of the decay widths
is ½ΓðZ → ττÞ=ΓðZ → eeÞ�SM ≃ 0.9977 [91]. The effective
couplings for the Yukawa-like leptophilic scalar, retaining
only the finite parts of the loop integrals to treat the
introduction of the BSM scalar field as an effective theory,

FIG. 6. The projected 95% CL exclusion limit on ξ versus mS

for the proposed HEMERA setup with 1018 MOT for 1 TeV
incident muons (purple solid line). The red dashed line represents
the sensitivity for 1020 MOTwith 5 TeV muons. We also mark the
benchmark points BP1 and BP2 discussed in the text. The light
gray shaded region represents the loop-induced exclusion bounds
from dark matter direct detection searches by the LZ [88] and
XENONnT [89] experiments. These bounds, alongside the
corresponding neutrino floor [90] (dashed brown line), are
derived assuming a dark matter mass mχ ¼ ð3=2ÞmS and a dark
coupling gχ fixed to reproduce the DM thermal relic density.
Also shown are constraints from BABAR [84], Belle [85] and
Belle II [86], the bound from ðg − 2Þμ from eq. (18), the indirect
constraints from LEP precision measurements of lepton flavor
universality in Z → ll decays [91,92], and the bound from the
direct searches for eþe− → ττS → 4τ [93].
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yield

δgSL ¼ Ξ
�
−
1

2
BZðrSÞ þ sin2θW ½BZðrSÞ þ C̃ZðrSÞ�

�
;

δgSR ¼ Ξ
�
−
1

2
C̃ZðrSÞ þ sin2θW ½BZðrSÞ þ C̃ZðrSÞ�

�
; ð20Þ

where rS ¼ m2
S=m

2
Z, Ξ ¼ ξ2m2

τ

16π2v2, while BZ and C̃Z re-
present the finite combinations of Passarino-Veltman
two-point and three-point scalar loop integrals. In specific
UV completions, additional finite terms are expected to
appear once the heavy fields are integrated out, cf. the
discussion of the two Higgs doublet model (2HDM) [92].
Using the measured LEP central value and its uncertainty,
alongside the aforementioned SM expectation of
½ΓðZ → ττÞ=ΓðZ → eeÞ�SM, we require the BSM contri-
bution to lie within the 95% CL interval −0.0021≲
δττ ≲ 0.0105, and we plot the resulting constraint in Fig. 6.
Beyond virtual loop effects, direct bounds arise from

LEP searches for multi-tau final states, specifically eþe− →
τþτ−S → 4τ [93]. We map the corresponding coupling
reduction factor to our parameter asCττðh→ττÞ ≃ ξ, assuming
a nearly 100% branching fraction of the BSM scalar to tau
pairs, and include this constraint in Fig. 6.
While recent LHC analyses also target 4τ signa-

tures [104], the relevant event selection assumes the
intermediate production of two heavy states with masses
of order tens of GeV or so. These searches rely on the
resulting large total transverse mass (mtot

T ) and high-pT tau
leptons to discriminate the signal from SM backgrounds. In
contrast, in our case, the signal would be dominated by the
τ-strahlung of a BSM scalar, pp → Z�=γ� → ττS → 4τ,
which produces a softer, low-mtot

T signature. As a result,
these bounds are not directly applicable to our scenario and
would require a dedicated analysis.
Finally, it is instructive to consider the complementarity of

the proposed HEMERA search with direct DM detection. In
Fig. 6, we show the leading constraints from recent DM
direct detection experiments, specifically LZ [88] and
XENONnT [89]. To map these bounds onto the ðmS; ξÞ
parameter space, we calculate the loop-induced DM-nucleon
scattering cross section via two-photon exchange [55]. For
concreteness, we fix the DM mass tomχ ¼ ð3=2ÞmS, which
ensures the visible decay S → τþτ−, and set the dark
coupling gχ to obtain the thermal relic density of Ωχh2 ≃
0.12 [52] via secluded annihilations, χχ̄ → SS. Under these
specific assumptions, the loop-induced direct detection cross
section places a stringent bound, shown by the light gray
shaded region in Fig. 6, which exceeds other bounds for mS
in between a few GeV and several tens of GeV.
In addition to current experimental limits, we also

display the neutrino floor (dashed line) in Fig. 6 following
Ref. [90], which we map to the ðmS; ξÞ plane under the
same benchmark assumptions. This represents the

boundary where direct detection experiments will be over-
whelmed by the irreducible background from coherent
neutrino-nucleus scattering. As shown in the plot, for
lighter DM masses, represented by the BP1 benchmark,
the projected sensitivity of HEMERA extends beyond this
limit, where traditional direct detection searches face
fundamental limitations. This clearly illustrates the com-
plementarity of the proposed accelerator search, which can
probe the thermal DM parameter space where underground
detectors lose their primary sensitivity.
Instead, in this specific scenario, the benchmark point

BP2 is already presently excluded. It is crucial to empha-
size, however, that these direct detection limits are sensitive
to additional assumptions about the dark sector. If the DM
relic abundance is generated nonthermally (e.g., via the
freeze-in mechanism), or if the mass hierarchy deviates
from this specific choice, the required dark coupling can be
smaller, and the constraints can be relaxed. In contrast, the
HEMERA projections depend exclusively on the scalar’s
visible couplings to SM leptons, providing a robust dis-
covery channel for the mediator itself.
As demonstrated in Fig. 6, the proposed HEMERA

setup would yield highly competitive constraints, with a
reach extending to ξ ∼ 0.1 for mS ¼ 10 GeV. In this mass
range, these projections are significantly more stringent
than anticipated sensitivities from the ILC [ξ≳Oð1Þ]
[105–107] and are comparable to the reach of a future
Tera-Z factory at FCC-ee [108]. HEMERA thus provides
an independent test of the leptophilic BSM scenario, with
the potential to eventually outperform future circular eþe−
machines by scaling up the detector volume.

VI. CONCLUSION

In this work, we have demonstrated that muon-induced
di-tau production, μA → μτþτ−A, serves as a highly sensi-
tive and clean probe of new physics at future high-energy
muon facilities. By utilizing the characteristic energy loss
of the primary muon in conjunction with the identification
of short, boosted τ tracks and the measurement of the tau
pair invariant mass, we have shown that the Standard
Model background can be effectively controlled. For a
leptophilic scalar mediator S with Yukawa-like couplings,
the projected sensitivity of a TeV-scale experiment, even
with a relatively compact target, surpasses existing con-
straints from B-factories and the muon anomalous magnetic
moment by more than an order of magnitude in the few-
GeV mass range. This highlights the trident process as a
primary discovery channel for new mediators that prefer
third-generation lepton couplings.
A particularly compelling motivation for this search

is its ability to probe the dark sector through the thermal
WIMP-like DM portal. In scenarios where the leptophilic
scalar mediates interactions between the SM and a DM
candidate χ, the resulting thermal relic density is typically
determined by the secluded annihilation χ̄χ → SS.
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While such models lack tree-level couplings to quarks and
feature suppressed electron scattering rates, exact calcu-
lations of loop-induced processes show that specific ther-
mal setups can still be strongly constrained by current
direct detection experiments. However, these bounds
remain highly sensitive to assumptions regarding the dark
sector mass hierarchy and the cosmological origin of the
relic abundance. We have shown that the proposed di-tau
trident measurement provides a promising way to bridge
this gap by directly targeting the mediator. Crucially, in the
mass range mS < mχ in scenarios with thermal relic χ,
HEMERA can probe the leptophilic scalar coupling and
scalar mass in regions of parameter space beyond the
neutrino floor, which is the fundamental limit where
underground detectors are overwhelmed by irreducible
backgrounds to direct detection. With indirect detection
probes also remaining challenging for p-wave suppressed
secluded annihilation modes, this accelerator-based search
offers an independent tool to explore this scenario.
While we focused on a leptophilic scalar as a represen-

tative BSM model, the proposed search strategy could
apply to a wider range of new physics scenarios. The muon-
induced di-tau final state is sensitive to light, weakly
coupled new physics that preferentially interacts with
second- and third-generation leptons. A notable example
is a Z0 gauge boson arising from the anomaly-free
Uð1ÞLμ−Lτ

model [109]. On top of this, the muon trident
signature can indirectly probe much heavier new physics,
e.g., leptoquarks or heavy vectorlike leptons that can
generate dimension-6 electroweak dipole operators that
modify the γττ vertex [110], thereby indirectly varying the
predicted di-tau kinematic distributions.
The experimental feasibility of this search is underscored

by the remarkable intensity of future muon beams. We have
introduced the concept of the HEMERA, an active-target
detector capable of performing a world-leading search by
leveraging the enormous flux of high-energy muons.
Importantly, HEMERA’s active-target operation mode is
highly complementary to previously proposed muon beam-
dump searches. While beam dumps are optimized for
long-lived particles, HEMERA’s high-granularity target

would enable the reconstruction of prompt or short-lived
BSM signatures that would otherwise be lost.
An integrated exposure of 1018 muons on target already

provides the high statistics necessary to probe rare BSM
processes with high precision using even a compact
detector setup. Reaching an ultimate sensitivity, either
through a larger detector mass or a longer physics run
yielding up to 1020 MOT, would push the discovery reach
to even smaller couplings. This experimental program is
ideally suited for the preparatory phase of the future muon
collider involving individual muon beams, and its utility
extends to the full collider facility. Ultimately, the active-
target detector concept and the high-energy muon trident
process offer a versatile and powerful tool for exploring the
dark sector, further motivating the development of TeV-
scale muon beam infrastructure. Beyond the signatures
discussed here, the potential of the active-target HEMERA
detector operating in high-energy muon beams should be
further explored for a wider range of new physics appli-
cations and precision SM measurements.
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