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We study future lepton collider prospects for testing predictive models of leptophilic dark matter
candidates with a thermal origin. We calculate experimental milestones for testing the parameter
space compatible with freeze-out and the associated collider signals at past, present, and future
facilities. This analysis places new limits on such models by leveraging the utility of lepton colliders.
At e+e− machines, we make projections using precision Z-pole observables from e+e− → ℓ+ℓ− + /E
signatures at LEP and future projections for FCC-ee in these channels. Additionally, a muon collider
could also probe new thermal relic parameter space in this scenario via µ+µ− → X + /E where X is
any easy identifiable SM object. Collectively, these processes can probe much all of the parameter
space for which DM direct annihilation to ℓ+ℓ− yields the observed relic density in Higgs-like models
with mass-proportional couplings to charged leptons.

I. INTRODUCTION

Thermal freeze-out is the only dark matter (DM) pro-
duction mechanism that is insensitive to unknown high-
energy physics above the scale of the DM mass. Over the
past several decades, this mechanism has primarily been
associated with the Weakly Interacting Massive Particle
(WIMP) paradigm, which predicts the DM mass to be
roughly within 10 GeV – 10 TeV window [1]. While there
is a rich experimental program to search for WIMPs, no
verified signal has yet been identified, which motivates
broadening the search effort outside this mass window
and to a wider range of interactions.

It is well known that high energy colliders are powerful
probes of thermal dark matter; indeed, given the inter-
actions strengths that such machines can probe, nearly
every DM candidate testable at colliders was in chemical
equilibrium in the early universe. There are currently
strong limits on various dark matter models based on ex-
isting LEP [2], Tevatron [3], and LHC [4] data. There
are also multiple studies of DM sensitivity at proposed
future facilities including the ILC [5], FCC-ee [6], FCC-
hh [7], CLIC [8], CCC [9], CEPC [10], HL-LHC [11], and
various muon collider run options [12–16].

In many of these studies, the most promising DM dis-
covery channel is missing energy in association with a
single SM object X (typically a single jet or gauge bo-
son). However, if DM couples preferentially to heavy fla-
vor, there may be additional signals that improve upon
the mono-X strategy, offering more handles for both sig-
nal detection and background rejection. For example,
DM that couples mainly to b-quarks, motivated by the
galactic center excess, can be probed using pp → bb̄ /E
production [23, 24]. This strategy can readily be adapted
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to leptophilic DM that couples primarily to muons and
taus. Production of DM is therefore accompanied by ad-
ditional charged leptons, whose presence may enhance
signal sensitivity.
In this paper we consider the future collider discovery

potential for models of leptophilic dark matter with mass-
proportional couplings [25], to Standard Model (SM) lep-
tons. In the predictive parameter space for this class of
models, the scalar particle φ that mediates dark-visible
interactions is heavier than the DM χ (mφ > mχ), so
that, during freezeout, the process

χχ → φ∗ → ℓ+ℓ− (1)

directly annihilates DM into SM leptons to yield the ob-
served relic density Ωχh

2 = 0.120 ± 0.001 [26]. Since
the cross section for this process depends on the cou-
pling between φ and charged leptons, there is a minimum
value required for viable freeze-out. Thus, a thermal ori-
gin through the direct annihilation in Eq. (1) predicts a
minimum signal yield for DM collider production via

e+e− , µ+µ− → ℓ+ℓ−φ , (2)

and there is a corresponding experimental milestone for
decisively testing models with this annihilation topology.
For mφ > 2mχ, the mediator decays predominantly to
dark matter, so the processes in Eq. (2) complement tra-
ditional mono-X searches

e+e− , µ+µ− → Xφ (3)

which are also present in this part of parameter space
and included in our analysis of muon collider reach. Our
study finds that lepton colliders with e+e− or µ+µ−

beams are powerful probes this class of models and can
test nearly all the remaining parameter space that is com-
patible with a thermal relic origin.
The outline of this work is as follows. In Section II we

give a theoretical overview for this scenario and calculate
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FIG. 1: Experimental milestone for χχ → ℓ+ℓ− thermal freeze-out (black curve) plotted alongside gray-shaded
constraints from the muon anomalous magnetic moment aµ [17], electron recoil direct detection limits from
DAMIC-M [18] and XENON-1T [19, 20], existing collider limits from LEP [21] and Belle II [22]. The green band
indicates the favored parameter space for resolving the (g − 2)µ anomaly. The four plots show various parameter
choices to illustrate a range of phenomenology: the ratio of mφ/mχ = 3, 10 and the coupling within the dark sector
αχ = 0.5, 10−2. The dashed curves are explained throughout Section III.

the relic abundance, in Section III we present limits and
future projections for various lepton collider searches, in
Section IV we review existing bounds from previous ex-
periments, and finally in Section V we offer some con-
cluding remarks.

II. THEORY

A. Model Description

Our representative benchmark scenario consists of a
Majorana fermion DM candidate χ with mass mχ cou-

pled to a CP-even scalar mediator φ with mass mφ via

Lint = −gχ
2
φχχ− φ

∑
ℓ=e,µ,τ

gℓ ℓ̄ℓ , gℓ = ge

(
mℓ

me

)
, (4)

where gχ and gℓ are respectively the Yukawa couplings to
DM and charged leptons ℓ. Note that the mass propor-
tionality in gℓ can naturally arise in a Type-III two-Higgs
doublet model supplemented with our singlet scalar φ if
the latter mass-mixes primarily with the heavy CP-even
eigenstateH and has suppressed mixing with the SM-like
125 GeV eigenstate h (see Appendix A for a discussion
and Ref. [27] for a review of two Higgs doublet models.).
In order for thermal freeze-out to be predictive and

testable with laboratory measurements, the cross section
for DM annihilation must depend on the φ coupling to
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the SM, i.e. annihilation cannot occur strictly in the
dark sector. This requirement is readily achieved by de-
manding mφ > mχ, so that the χχ → ℓ+ℓ− topology is
kinematically allowed for all ℓ satisfying mχ > mℓ. By
contrast, if mχ > mφ, the dominant channel for annihi-
lation will be secluded annihilation via χχ → φφ, which
only depends on gχ and there is no minimum require-
ment on gℓ so long as χ thermalizes with the SM in the
early universe. Note that this secluded channel yields
an s-wave annihilation cross section, which is excluded
for thermal relics below ∼ 20 GeV (see Sec. IV below).
Thus, for the reminder of this work, we only consider the
case where φ is heavier than χ.
Furthermore, since experimental limits on gℓ are gener-

ically stronger than those on gχ, we will work in the
regime where, in the mφ > 2mχ regime, the scalar will
decay predominantly via φ → χχ. Thus, we are inter-
ested in signatures involving heavy lepton production in
association with missing energy rather than φ decaying
back to SM particles as multi-lepton final states are well
constrained at colliders.

We also note that similarly predictive models with
Higgs-mixed mediators, whose couplings to all SM
fermions is proportional to their massses [28]. However,
in the parameter space where DM annihilates directly
to SM particles, this model faces stringent limits from
various laboratory measurements (most notably rare me-
son decays) which robustly exclude thermal freeze-out for
all DM masses. However, since most of these limits are
based on the large top Yukawa coupling, our leptophilic
scenario remains viable across a wide range of model pa-
rameters.

B. Cosmological Production

In the early universe for T ≫ mχ, we assume the DM
is in thermal equilibrium with the SM. As the universe
cools below T ∼ mχ, the DM population becomes Boltz-
mann suppressed and eventually the abundance of DM
freezes out. We calculate the χ relic density by solving
the Boltzmann equation

ṅχ + 3Hnχ = −⟨σv⟩[n2
χ − (neq

χ )2], (5)

where H = 1.66
√
g⋆T

2/MPl is approximately the Hubble
expansion rate, g⋆ is the effective number of relativistic
species, MPl is the Planck mass, and neq

χ is the equilib-
rium χ number density. For mφ > mχ, the thermally
averaged annihilation cross section satisfies

⟨σv⟩ =
∑

ℓ=e,µ,τ

⟨σv⟩χχ→ℓℓ, (6)

where the sum is over all kinematically open channels
(mχ > mℓ).

To obtain the thermal average in Eq. (6), we numer-
ically calculate the total annihilation cross section as a

function of Mandelstam variables and follow the prescrip-
tion from Ref. [29]:

⟨σv⟩χχ→ℓℓ =
1

N

∫ ∞

4m2
χ

ds σ(s)(s− 4m2
χ)
√
sK1

(√
s

T

)
, (7)

where N = 8m4
χTK

2
2

(mχ

T

)
is a normalization factor, and

K1,2 are modified Bessel functions of the first and second
kinds. For each χχ → ℓ+ℓ− channel, the total annihila-
tion cross section is

σ(s) =
g2ℓ g

2
χ(s− 4m2

χ)
3/2

16π[(s−m2
φ)

2 +m2
φΓ

2
φ]

√
1− 4m2

χ

s
, (8)

where Γφ is the total φ decay width, and we neglect
subleading corrections of order m2

ℓ/s.
Although our numerical results utilize the full ther-

mally averaged cross section in Eq. (7), it is useful to
consider the form of σv in the non-relativistic limit prior
to performing the thermal average. In this regime, each
channel contributes

σvχχ→ℓℓ ≈
g2χg

2
ℓm

2
χv

2

8π(m2
φ − 4m2

χ)
2
∝ g2χg

2
ℓ

(
mχ

mφ

)4
1

m2
χ

, (9)

where v is the relative velocity between initial state χ
particles. Matching the convention in Refs. [30, 31], we
define the dimensionless variable

y ≡ ϵ2αχ

(
mχ

mφ

)4

, ϵ ≡ ge/e , (10)

where αχ ≡ g2χ/(4π). We normalize the parameter ϵ in
units of the electron charge e in analogy with the famil-
iar kinetic-mixing parameter in models with dark pho-
ton mediators [32]. This quantity is useful because, away
from the fine tuned resonance region mφ ≈ 2mχ, there
is a one-to-one relationship between σv and y indepen-
dently of the mφ/mχ or gχ/gℓ ratios; here the relic den-
sity for each value ofmχ is simply set by the product that
defines y. In Fig. 1, the black curves in the y vs. mχ

plane represent the parameter points for which χχ → ℓℓ
annihilation yields the observed dark matter abundance
through thermal freeze-out.

Importantly, the non-relativistic expansion in Eq. (9)
also shows that this process is p-wave, so the annihilation
rate falls precipitously as the universe expands and the
temperature cools. As discussed below in Section IV,
this feature sharply suppresses the annihilation to SM
particles during and after the epoch of recombination.

III. COLLIDER SEARCHES

In this section we present the lepton collider signatures
that the model in Section II predicts. Here we put new
limits on this scenario using existing data from LEP and
Belle II, and we make future predictions for FCC-ee and a
future muon collier. The results are summarized in Fig. 1,
with the excluded regions shaded gray and predictions for
future experiments given in dashed lines.
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FIG. 2: Representative Feynman diagram of a rare
Z → τ+τ−φ decay that generates our signal of interest
at LEP and FCC-ee. Here the φ → χχ produces
additional missing energy relative to SM Z → τ+τ−

decays.

A. Belle II

Since φ has sizeable couplings to heavy flavor, it can
be produced as final state radiation at experiments where
2nd and 3rd generation dilepton pairs are copiously pro-
duced, such as at B−factories via

e+e− → µ+µ−φ, (φ → χχ), (11)

where the dark matter χ in the final state produces
missing energy. This signal has an irreducible back-
ground from e+e− → µ+µ−ν̄ν from the missing energy
in the final state neutrinos, as well as reducible back-
grounds from double bremsstrahlung e+e− → µ+µ−γγ.
The Belle II collaboration has placed constraints on an
Lµ − Lτ gauge boson through this search channel [22].
We recast these limits for our scalar scenario by using
MadGraph5 aMC@NLO [33] to calculate the cross section
for e+e− → µ+µ−φ production and rescale the limits for
the Lµ − Lτ vector model with the corresponding cross
section for vector particles. We neglect any signal accep-
tance differences between scalars and vector and vector
production.

We note that, in principle, B-factories can be sensi-
tive to φ production as final state radiation in e+e− →
τ+τ−φ channels (considered below for higher energy lep-
ton colliers). However, despite the large τ enhancement
in this channel, to date, there has been no dedicated
search for such a process at these facilities for φ decaying
invisibly1. We leave a detailed study of such signals for
future work.

B. LEP

It has long been established that the LEP and LEP-2
e+e− colliders at CERN [21] have impressive sensitivity
to dark matter production through mono-γ and missing
energy /E signatures [2]. While these canonical signa-
tures can also arise in our scenario from the couplings in

1 However, there are strong BABAR limits on e+e− → τ+τ−

followed by a φ → µ+µ− decay [34]

Eq. (4), they are not the dominant channel as the pro-
duction cross section for e+e− → γφ → γ /E is suppressed
by the small electron coupling g2e . Since the φ coupling
to the τ is enhanced by a factor of (mτ/me)

2 ∼ 106, here
we instead consider the signature

e+e− → τ+τ−φ , (φ → χχ), (12)

where the invisibly decaying mediator is produced as fi-
nal state radiation and predicts deviations within well-
measured SM uncertainties. Since SM τ decays always
produce missing energy via ν, our signal process will be
constrained by any previous measurement of Z decays
that result in τ production [35]. Up to small differences
in geometric acceptance and final state τ kinematic distri-
butions, Z → τ+τ− production is experimentally indis-
tinguishable from Z → τ+τ−φ for φ decaying invisibly.
The one of the primary motivations for a high-energy

electron-positron collider is a run at the Z pole where√
s ≈ mZ , so the Z production cross section is reso-

nantly enhanced and with copious production, precision
measurements can be made. Therefore, LEP is mainly
sensitive to φ production through modifications to the
well-measured properties of the Z. Of particular interest
is the signal process depicted in Fig. 2

Z → τ+τ−φ, (φ → χχ) , (13)

where the φ decay to dark matter yields additional miss-
ing energy in the final state. In Appendix B we calculate
the partial width for this 3-body process. From LEP, we
obtain a limit on φ production from the measurement of
the di-tau partial width [36]

Γ(Z → τ+τ−) = 84.08± 0.22MeV. (14)

From the uncertainty we extract a 2σ limit on the
BR(Z → τ+τ−φ), we find the value of gτ at each value
of mφ that satisfies

Γ(Z → τ+τ−φ) = 2(0.22MeV) , (15)

and translate this into a constraint on y for a given choice
of αχ and mχ/mφ ratio.
We also include a highly simplified estimate for the

acceptance of Z → ττφ events due to analysis cuts on
kinematics, which is discussed in Appendix C. In Fig. 1
this bound is shaded in gray and labeled LEP.

C. Future Circular Collider

The Future Circular Collider (FCC) at CERN is a pro-
posed high-energy collider to succeed the LHC at CERN.
The first stage of the project is the FCC-ee, an e+e− col-
lider to run at similar run configurations of LEP but with
much greater luminosity, which aims to take data in the
early 2040s [6, 37–40]. As part of its overall physics pro-
gram, FCC-ee will run at the Z-pole and produce over
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one trillion Z bosons for precision electroweak measure-
ments (called the Tera-Z run), thereby exceeding the pre-
vious LEP record of approximately 17 million [21]. This
allows for a diverse physics program that involves preci-
sion measurements of Z decays (e.g. Refs. [41, 42])

To make sensitivity projects of the FCC-ee at the Z
pole, we assume statistical uncertainties dominate the
FCC-ee error budget and rescale the uncertainty on the
Z width measurement by

√
NLEP/NFCC-ee for NX the

total number of Z bosons produced. With this estima-
tion we predict sensitivities to Z-boson branching ratios
comparable to what is stated in Ref. [37]. In Fig. 1 we
show projections of the improvement of FCC-ee over LEP
with the red dashed curve.

D. Future Muon Collider

Another possible option for a future high-energy col-
lider is a multi-TeV muon collider (MuC) [43–48].

Due to their moderate mass and fundamental na-
ture, muons can theoretically be accelerated to collide at√
ŝ ∼ 10 TeV energies without insurmountable loses due

to synchroton radiation. Additionally, as muons couple
predominantly to electroweak gauge bosons and do not
produce enormous hadronic backgrounds, a high-energy
muon collider could provide a window into both the 10-
TeV frontier as well as precision electroweak measure-
ments within the next 30 years [12, 49–55]. While this
technology needs a full demonstrator program to prove
feasibility, consider theoretical, experimental, and accel-
erator work has already gone into its design (see Ref. [56]
for a recent summary), and its construction is already
partially funded.

As a muon collider is still in its very early stages of
planning, the run configurations have not yet been fixed
and a multitude of possible center-of-mass energies are
considered. The guiding principle for projections is that
the total luminosity must scale with s such that we main-
tain sensitivity to s-channel processes at high energies.
However, due to the fact that muons decay, higher-energy
muon beams will have a higher luminosity from time di-
lation effects.

In this paper, we utilize the high energy of the muon
collider to probe complementary parameter space to
what can be done at the FCC-ee. We consider the process
µ+µ− → γφ → γ /E with a mono-γ signature. Because
of the kinematics of the process, the γ will have energy
roughly Eγ ∼ √

s/2 depending on the width of the φ
and energy resolution σE . The primary SM background
for this process is µ+µ− → γν̄ν.2 We simulate both
the signal and background events in MadGraph5 aMC@NLO

2 We also considered the 3γ background, but as two photons, one
with E ∼ TeV have to be missed, this background is compara-
tively negligible.

[33]. To mitigate this background, we utilize the fully-
constrained kinematics of the 2-body final state of the
signal and cut on the energy of the visible photon:

Eγ ∈ (E0(1− 2σE), E0(1 + 2σE)) (16)

where E0 ≡ E2
CM−m2

φ

2ECM
and σE is the energy resolution

we fix nominally at σE = 3%. We also take a conser-
vative photon reconstruction efficiency of 98%, although
we expect this number for TeV photons might be higher.
The search strategy in this channel is generic as long as
the mediator decays invisibly via φ → χχ(/E) and the
other SM particles X recoil in a diametrically opposed
direction to the missing energy and momentum in the fi-
nal state. A similar strategy with partially visible decays
was considered in Ref. [57].
The dashed blue curve in Fig. 1 is a sensitivity projec-

tion for µ+µ− → Xφ → X /E at a 3 TeV muon collider
concept with 1 ab−1 of integrated luminosity.3

IV. OTHER SEARCHES

In this section we describe the other constraints on
this model from precision measurements, cosmology, and
direct detection experiments.

A. Muon Anomalous Magnetic Moment

The Brookhaven E821 [58] and Fermilab Muon g − 2
[17] experiments have measured the anomalous magnetic
moment of the muon, resulting in a world average of

aexpµ = 116592059(22)× 10−11 . (17)

The SM prediction based on R-ratio calculations is [59]

aSMµ = 116591810(43)× 10−11 , (18)

which differs from the observed value by

∆aµ = (249± 48)× 10−11, (19)

and thereby exceeds the nominal 5σ benchmark for a new
physics discovery.
However, a lattice calculation from the BMW collab-

oration extracts a SM prediction for aµ that is closer
to the observed value and in tension with the R-ratio
result. Additional lattice results will be necessary to in-
dependently verify the BMW result and future R-ratio
data will clarify the tension between BABAR, KLOE,
and CMD-3 measurements near

√
s ≈ 1 GeV [17, 59, 60].

3 We do not consider a lower energy center of mass, like the Higgs
pole, as higher-energy configurations have a broader physics pro-
gram and can even produce upwards of 106 to 108 Higgs.
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Thus, in our analysis, we remain agnostic about whether
the discrepancy is due to new physics.

Since the leptophilic mediator φ couples to muons, at
one loop it modifies aµ by

∆aµ =
g2µ

16π2

∫ 1

0

dz
(1− z)(1− z2)

(1− z)2 + r2z
, (20)

where r = mφ/mµ, which constrains the thermal relic
parameter space shown in Fig. 1. The gray region la-
belled “∆aµ > 5σ” is where model parameters make the
tension with observation worse by 5 standard deviations.
For parameters within the green band labeled “aµ fa-
vored,” the φ coupling to muons accounts for the dis-
crepancy between the measured world average and the
R-ratio prediction within the Standard Model assuming
the difference is due to new physics.

B. Fixed Target Experiments

For the sub-GeV DM mass range, proposed fixed tar-
get accelerators are powerful laboratory probes of light
weakly coupled particles [61]. The mediator φ can be
radiatively produced in muon-nucleus fixed target inter-
actions via

µN → µNφ, (φ → χχ) , (21)

where N is a target nucleus. For mφ > mµ, the radi-
ated φ typically acquires a large fraction of the incident
beam energy, which serves as a trigger for a dark matter
search if other visible particles produced in µ-N scat-
tering can be vetoed. In Fig. 1 we show projections
for the proposed M3 experiment [57, 62] based on this
search strategy. Comparable projections could also be
computed for the CERN NA64µ experiment which per-
forms a similar search at higher energy [63], but trans-
lating the publicly available projections into the scalar
model considered here is beyond the scope of this work.

C. Direct Detection

1. Electron Recoils

Since the mediator φ couples to electrons, this scenario
is constrained by direct detection experiments sensitive
to scattering off electrons. The non-relativistic cross sec-
tion for χe → χe scattering is

σχe =
g2χg

2
eµ

2
χe

π[(αme)2 +m2
φ]

2
→ g2eg

2
χµ

2
eχ

πm4
φ

≈
(
4e2m2

e

m4
χ

)
y, (22)

where µχe is the χ-e reduced mass and in the last step
we took the the me ≪ mφ,mχ limit, where σχe ∝ y
and the direct detection cross section has the same para-
metric dependence as the χχ → e+e− annihilation cross
section from Eq. (9). Although the electron scattering

sensitivities various experiments are comparable in this
mass range, in Fig. 1 we show the current best limits
from the DAMIC-M [18] and XENON-1T [19, 20] exper-
iments.

2. Nuclear Recoils

Although φ has no tree-level coupling to quarks, at
one-loop there is induced mass-mixing between φ and
the SM Higgs, which yields the interactions

Lint ⊃ θyqφq̄q ≡ gqφq̄q, (23)

where q is any SM quark, yq = mq/vh is its SM Yukawa
coupling to the Higgs field, and θ is the φ-h mixing an-
gle. The leading contribution to this mixing is given by
integrating out the τ loop θ ∼ gτyτ/(16π

2). Based on
this mixing, the elastic spin-independent direct-detection
cross section for χ-n scattering is

σχn =
g2χg

2
nµ

2
χn

πm4
φ

, (24)

where n is a target nucleon, µχn is the DM-nucleon re-
duced mass, and the induced φ nucleon coupling gn ∝ θ
can be written in terms of the mediator couplings to
quarks in Eq. (23) following the procedure in Ref. [64] –
see also the appendix of Ref. [65] for a modern treatment.
Writing Eq. (24) in terms of y from Eq. (10)

y ≈ 10−8
( σχn

10−46 cm2

)( mχ

20GeV

)
. (25)

Thus, for cross sections of order σχn ≈ 10−46 cm2 at the
maximum sensitivity of XENONnT [66] near mχ ≈ 20
GeV, direct detection does not meaningfully constrain
the thermal relic values of y as shown in the black curve
of Fig. 1. A similar argument can be used to show that
the two-loop QED scattering processes lead to similar
results. Thus, we omit nuclear recoil limits through loop
induced elastic scattering in Fig. 1. However, we note
that if the Higgs-mixing parameter θ is enhanced beyond
the τ loop that we use as a reference value (e.g. from
additional tree level contributions), the model dependent
constraint from this process could be competitive.

D. Cosmology

1. BBN Dark Radiation

For mχ
<∼ MeV, the χ freeze-out occurs around the

epoch of Big Bang Nucleosynthesis (BBN) and can mod-
ify light chemical yields relative to SM predictions. In
this light mass range, the DM has a large thermal abun-
dance at the onset of BBN, which modifies the Hubble
expansion rate and affects the timing of BBN events
[67, 68]. Using the latest nuclear cross sections and
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data on the deuterium fraction, BBN observables require
mχ

>∼ 5 MeV for Majorana DM candidates that transfer
entropy to photons upon freeze-out [69] and this defines
the leftmost regions in the panels of Fig. 1

2. CMB Energy Injection

Thermal DM below the GeV scale faces strin-
gent bounds from CMB energy injection from out-of-
equilibrium DM annihilation just after recombination
[70]. For an s-wave annihilation cross section, thermal
WIMPs are excluded below ∼ 20 GeV if their annihila-
tion yields visible energy into the CMB [26]. However,
in our scenario the annihilation cross section in Eq. (9)
is p-wave and therefore suppressed by v2 in the non-
relativistic regime. Thus, the CMB limit from Planck
does not constrain the thermal relic parameter space for
this model.

V. DISCUSSION

In this paper we have studied a predictive leptophilic
DM scenario in which the thermal relic abundance arises
from direct annihilation to SM particles via χχ → ℓ+ℓ−

with mass-weighted couplings to charged leptons. Since
this scenario has no tree-level couplings to quarks, LHC
and nuclear-recoil direct detection signals are suppressed
compared to traditional WIMP DM models. We have
set new limits on this model based on various probes, in-
cluding measurements of the muon anomalous magnetic
moment, electron recoil direct detection, B-factory pro-
duction, and Z-pole measurements at LEP. Collectively,
these limits leave much of the thermal relic parameter
space unexplored, particularly for DM masses above the
GeV scale where the relic density arises predominantly
through χχ → τ+τ− annihilation in the early universe.

Future accelerators will play a key role in probing the
remaining thermal relic parameter space in this scenario.
In the sub-GeV mass range, the proposed fixed-target
missing-momentum experiment M3 can comprehensively
cover the full thermal target and complement ongoing
efforts currently underway with the NA64µ experiment.
At higher mass, the proposed FCC-ee e+e− collider can
probe large regions of viable parameter space with a Tera-
Z run at the Z-pole, which can improve sensitivity to
Z → τ+τ− decays, currently limited by the luminosity of
the legacy LEP data set. And at the largest masses com-
patible with a viable thermal history mχ ∼ TeV in this
framework, a future TeV-scale muon collider can probe
nearly all of the remaining freeze-out parameter space
with mono-γ/Z searches.
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λ2HDM/λSM

hV V sin(β − α)
hQū sin(β − α) + cos(β − α)/ tanβ
hQd̄ sin(β − α) + cos(β − α)/ tanβ
hLē sin(β − α)− tanβ cos(β − α)
HV V cos(β − α)
HQū cos(β − α)− sin(β − α)/ tanβ
HQd̄ cos(β − α)− sin(β − α)/ tanβ
HLē cos(β − α) + tanβ sin(β − α)

TABLE I: Tree level couplings for CP even eigenstates h and H in a Type III 2HDM normalized to their values in
the SM. For large tanβ ≫ 1 in the alignment limit where sin(β − α) → 1, h recovers the SM like couplings and H
becomes lepophilic with mass proportional Yukawa couplings.

Appendix A: Realization in a Two Higgs Doublet Model

The mass weighted couplings in our scenario can arise in a type-III two Higgs (2HDM) doublet model with an
additional CP even scalar singlet S that mixes with the SM-like h and heavy Higgs state H. In this realization of a
2HDM, before electroweak symmetry breaking, the Yukawa interactions can be written

L ⊃ λuH1Qū+ λdQH†
1Qd̄+ λℓH2Lē , (A1)

where H1,2 are electroweak doublets with quantum numbers 2±1/2 under SU(2)L × U(1)Y , so H1 gives mass to the
quarks and H2 gives mass to charged leptons. Here we use two-component Weyl fermion notation for the quark
and lepton fields, where Q,L are electroweak doublets and ū, d̄, ē are SU(2)L singlet Dirac partners for the up-type,
down-type, and charged lepton fields, respectively.

Following the conventions in Ref. [27], after electroweak symmetry breaking, the vacuum expectation values are
⟨Hi⟩ = vi. We define the ratio tanβ ≡ v2/v1 and diagonalize the CP even mass eigenstates with the rotation matrix(√

2Re(H1)− v1√
2Re(H2)− v2

)
=

(
cosα sinα

− sinα cosα

)(
h
H

)
, (A2)

where h is the SM-like Higgs mass eigenstate and H is the heavy CP-even state. In the mass eigenbasis, the h,H
couplings to fermions and electroweak gauge bosons (denoted by V ) are given in Table I
To realize our scenario in Eq. (4) at low energy, we add a singlet scalar S and introduce super-renormalizable

Higgs-portal couplings

V (H1, H2, S) = S
(
µ11H

†
1H1 + µ12H

†
1H2 + µ∗

12H
†
2H1 + µ22H

†
2H2

)
, (A3)

where µij ≪ vh are dimensionful mixing parameters. Writing this expression in terms of mass eigenstates in the
electroweak breaking vacuum, we have

Re(H1) =
h cosα+H sinα+ v1√

2
, Re(H2) =

−h sinα+H cosα+ v2√
2

, (A4)

so the mixed potential involving S becomes

V (h,H, S) =
S

2

[
µ11 (h cosα+H sinα+ v1)

2
+ 2Re(µ12) (h cosα+H sinα+ v1) (−h sinα+H cosα+ v2)

+µ22 (−h sinα+H cosα+ v2)
2

]
, (A5)

and the mass-squared mixing coefficients for S-H and S-h mixing can respectively be extracted via

µSH ≡ ∂2V

∂S∂H

∣∣∣∣
h,H,S=0

= sinα(v1µ11 + v2µ12) + cosα(v1µ12 + v2µ22)

µSh ≡ ∂2V

∂S∂h

∣∣∣∣
h,H,S=0

= cosα(v1µ11 + v2µ12)− sinα(v1µ12 + v2µ22) (A6)
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FIG. 3: The truth-level pT and η distributions of the τ particles produced from Z decays as a function of the φ mass.

For parameter choices that satisfy µSh ≪ µSH ≪ vh in the tanβ ≫ 1 limits, S will mix predominantly with the
H state whose couplings are leptophilic and proportional to charged lepton masses. Diagonalizing this additional
mixing between S-H thus yields the Sℓ̄ℓ interactions in Eq. (4). Note that, as in the case of one SM Higgs doublet,
a additional singlet scalar can mix through the super-renormalizable portal wihtout acquiring a vacuum expectation
value provided that a suitably chosen linear S term is included in the potential (see [71] for a discussion).

Appendix B: Z → ℓ+ℓ−φ decays

The amplitude for radiative φ production in Z → ℓ+(p1)ℓ
−(p2)φ(p3) decays depicted in Fig. 2 can be written

M =
gτmZ

vh
ū(p1)

[
( /p1 + /p3) +mτ

m2
13 −m2

ℓ

γµ(gV + gAγ
5) + γµ(gV +gAγ

5)
( /p2 + /p3) +mτ

m2
12 −m2

ℓ

]
v(p2), (B1)

where pi are the final state momenta with m2
ij ≡ (pi+pj)

2, vh = 246 GeV is the SM Higgs vacuum expectation value,
and gV,A are respectively the tau vector and axial-vector charges, which satisfy

gV = −1

2
(1− 4 sin2 θW ) , gA = −1

2
. (B2)

The partial width can be written

Γ(Z → ℓ+ℓ−φ) =
1

256π3m3
Z

∫
dm2

12

∫
dm2

23 |M|2 , (B3)

where the m2
12 integration limits satisfy (m2

12)min = 4m2
ℓ , (m2

12)max = (mZ −mφ)
2 , and the m2

23 limits are

(m2
23)

max
min = (E∗

2 + E∗
3 )

2 −
(√

E∗2
2 −m2

ℓ ∓
√
E∗2

3 −m2
φ

)2

, (B4)

and we have defined

E∗
2 =

m12

2
, E∗

3 =
m2

Z −m2
12 −m2

φ

2m12
. (B5)

Appendix C: Estimates on Acceptance Efficiency for Z → ττφ

Sinceτdecays are too complex to simply reconstruct the Z peak, as a proxy for the much more involved analysis we
perform truth-level cuts on taus from MadGraph-simulated events [33] to estimate the number of new physics events
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that would resemble SM events close enough to be included in the decay width measurement. As done in LEP and
LHC [35, 72] analyses, we put a cut on the transverse momentum of taus pT > 15 GeV and on the total energy squared
s′ of the ττ system to be s′ > 4m2

τ . While a more rigorous study would include evaluating the cuts of individual τ
decay channels specifically and simulating the full τ decay, comparing truth-level τ information with and without the
ϕ production gives us an order-of-magnitude understanding of how many new-physics events can be mistaken for SM
events.

We show the τ distributions in pT and η in Figure 3. Note that as the mass of the φ is increased to O(mZ
>∼ 10 GeV),

the pT of the taus is dramatically affected and most of the new physics events will be rejected. However, the η
distribution of the taus is largely unchanging.
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