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Lepton portal dark matter (DM) models are a class of models where the DM candidates solely couple to
charged leptons through a mediator carrying a lepton number. These models are very interesting since they
avoid constraints from direct detection experiments even for coupling of order Oð1Þ, they have small
annihilation cross sections, and can be probed efficiently at lepton colliders. In this work, we consider a
minimal lepton portal DMmodel that consists of extending the standard model with two SUð2ÞL singlets: a
charged scalar singlet and an electrically neutral right-handed fermion. We systematically study the
production mechanisms of DM at multi-TeV muon colliders. After considering all the possible theoretical
and experimental constraints and studying the phenomenology of lepton flavor violation and DM in the
muonphilic scenario, we analyze the production rates of 54 channels (26 channels for prompt DM
production and 28 channels for charged scalar production) at multi-TeV muon colliders. Finally, we discuss
the possible collider signatures of some channels and the corresponding backgrounds. We find that at least
nine channels for DM production can be very efficient in testing DM with masses up to about 1 TeV.
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I. INTRODUCTION

Supported by various astrophysical and cosmological
observations, it is now widely accepted that dark matter
(DM) exists in the Universe (see, e.g., [1–4] for compre-
hensive reviews). On the other hand, the measurements of
the anisotropies in the cosmic microwave background
implies that DM is the dominant component of the matter
budget in the Universe with a density of ΩDMh2 ¼
0.1198� 0.0015 [5]. The standard theories of structure
formation require that the DM should be nonrelativistic at
the matter-radiation equality. In particle physics models,
this can be easily realized by extending the standard model
(SM) with weakly interacting massive particles (WIMPs)
under the standard thermal freeze-out mechanism. The
search for WIMPs was one of the major programs at the
Large Hadron Collider (LHC). A special characteristic of
WIMPs production at the LHC is that one can probe it

through the recoil of a SM particle against a large missing
transverse energy (Emiss

T ). Examples of these processes are
monojet [6], mono-Z [7,8], or mono-Higgs [9], among
others. Unfortunately, various searches for WIMPs at the
LHC were unsuccessful in finding such signals and limits
were put on the production cross section versus the DM
mass [10–14], which were interpreted in various particle
physics realizations. Furthermore, these constraints were
even more stringent when the void bounds from direct
detection experiments [15,16] were included [17,18]. The
situation is not very different in the case where the DM
production is mediated through colored mediators or
leptoquarks with the main mechanisms for DM density
in the early Universe being the coannihilation or conver-
sion-driven freeze-out mechanisms [19–23]. The interpre-
tation of these searches exclude DM masses of about
0.1–1 TeV and mediator masses of about 0.5–5 TeV
depending on the theoretical model.
In light of this current situation, an important question

arises: what if DM only couples to the lepton sector? From
the theoretical standpoint, there is a priori no fundamental
principle that can prevent DM from coupling to leptons
only. This class of models was proposed some time ago in
Ref. [24] and was widely studied in the literature [25–36].
There are many interesting implications for these models.
First, the scattering of the DM off the nucleus is induced at
the one-loop order and therefore these models can easily
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evade direct detection constraints even for model param-
eters of order Oð1Þ. Second, except for electronphilic
scenarios, constraints from positron indirect detection
searches are also not important, since their annihilation
is dominated by p-wave amplitudes that are suppressed by
the square of the DM velocity. Finally, the DM can be
produced at the LHC through the decay of charged scalars
and therefore the corresponding bounds are not as strong
as in the case of mono-X searches, especially in the case of
SUð2ÞL gauge singlet mediators [30]. Therefore, an effi-
cient probe of this category of models is through leptonic
colliders such as the International Linear Collider (ILC),
Chinese Electron Positron Collider (CEPC), and the future
muon colliders. Recently, future muon colliders are attract-
ing high interest due to their capability to probe new physics
beyond the SM at very high scales [37–39], therefore
competing with future circular colliders (FCC-hh). On the
other hand, these machines can achieve very high energies
thanks to the expected excellent cooling systems and the
weaker synchrotron radiation. Finally, at very high energies,
muon colliders are necessarily vector-boson colliders where
the dominant production channels are through vector-boson
fusion (VBF) [40,41]. Phenomenology of both the SM and
beyond at muon colliders has been extensively studied in the
literature (see, e.g., [42–62]).
In this work, we study the production of DM at muon

colliders within the minimal lepton portal DM model, in
which we extend the SM with two SUð2ÞL singlets: a
charged scalar that plays the role of the mediator and a
neutral right-handed fermion (or, equivalently, Majorana
particle) that plays the role of the DM candidate. We first
comprehensively discuss the impact of the different theo-
retical and experimental constraints on the model parameter
space in the muonphilic scenario, i.e., the scenario where
the DM couples predominantly to muons. We then select a
few benchmark points that define phenomenologically
viable scenarios that can be probed at high-energy muon
colliders. We study the production cross sections and the
expected backgrounds for a set of production channels
totaling 26 production channels for DM and 28 production
channels for the charged singlet scalar. A particular feature
of this model is that the DM is a Majorana fermion and
therefore does not couple to gauge bosons directly; there-
fore, the direct production of DM does not receive any
contribution from VBF channels. We select a few produc-
tion channels that can have high discovery potential and
discuss the possible signatures and the associated back-
grounds. This work is an introduction for future projects,
where a complete exploration of the model at muon
colliders will be performed.
The remainder of this paper is organized as follows. We

discuss the model and its UV completion in Sec. II, along
with the constraints from LEP searches, HSM → γγ, and
theoretical constraints. In Sec. III, we discuss the con-
straints from charged lepton flavor violation in lα → lβγ,

lα → 3lβ, and HSM → lαlβ. A detailed analysis of DM
phenomenology in this model is presented in Sec. IV, where
we discuss the DM relic density, direct detection con-
straints, and Higgs invisible decays. A study of DM
production at muon colliders, the interesting signatures,
and the associated backgrounds is performed in Sec. V.
In Sec. VI, we study the production of charged scalars at
muon colliders. We draw our conclusions in Sec. VII.

II. THEORETICAL SETUP

A. The model

We consider a minimal extension of the SM by two
gauge singlet fields: a charged scalar (S) and a right-handed
fermion (NR). We further assume that the two extra singlets
are odd under Z2 symmetry, while all the SM particles are
even; i.e., fS;NRg → f−S;−NRg and fl; q; ν;Φ; Vμg →
fl; q; ν;Φ; Vμg. To ensure that the NR state is a suitable
DM candidate within our model, we impose the condition
MNR

< MS. Furthermore, the charged singlet is assumed
to carry a lepton number and therefore couples only to
charged leptons.1 The full Lagrangian is given by

L ¼ LSM þ LS − VðΦ; SÞ; ð1Þ

where Φ refers to the SM Higgs doublet, LS is the
interaction Lagrangian for the singlet scalar (including
the kinetic term), and VðΦ; SÞ is the scalar potential. The
interaction Lagrangian for the S field is given by

LS ¼
X

l¼e;μ;τ

YlNl
c
RSNR þ ðDμSÞ†ðDμSÞ þ H:c:; ð2Þ

withDμS ¼ ð∂μ − ig2YSBμ=2ÞS being the covariant deriva-
tive, YS ¼ 2 is the hypercharge of the scalar singlet, and g2
is the Uð1ÞY gauge coupling. The kinetic term in Eq. (2)
gives rise to interaction with Aμ and Zμ, which are given,
after field rotations, by

LS;gauge ¼ −ðeAμ − e tan θWZμÞS†∂μSþ e2AμAμS†S

þ e2 tan2 θWZμZμS†S − 2e2 tan θWAμZμS†S;

where e ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
4παEM

p
is the electric charge, θW is the

Weinberg mixing angle, and A∂̄μB≡ Að∂μBÞ − ð∂μAÞB.
The most general CP-conserving, renormalizable, and
gauge invariant scalar potential is given by

1This charged singlet is also called a scalar lepton [63] and the
relevant interaction Lagrangian is similar to the case of inter-
action of supersymmetric slepton with a neutralino and a charged
lepton. The difference here is that we assume a single charged
scalar to couple to all the leptons instead of three scalars, usually
denoted by ẽR; μ̃R, and τ̃R, where each scalar couples to a specific
lepton generation.
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VðΦ; SÞ ¼ −M2
11jΦ†Φj þM2

22jS†Sj þ λ1jΦ†Φj2
þ λ2jS†Sj2 þ λ3jΦ†ΦjjS†Sj: ð3Þ

All the parameters of the scalar potential are assumed to
be real valued as a consequence of CP conservation. The
process of electroweak symmetry breaking leads to three
physical scalars: HSM identified with the recently discov-
ered 125 GeV SM Higgs boson and a pair of charged
scalars denoted byH�. Their masses are given at the lowest
order in perturbation theory by

M2
HSM

¼ λ1υ
2 ¼ 2M2

11; M2
H� ¼ M2

22 þ
1

2
λ3υ

2; ð4Þ

with υ being the vacuum expectation value of the SMHiggs
doublet. This model involves seven additional free param-
eters, which we parametrize as follows:

fMH� ;MNR
; λ2; λ3; YeN; YμN; YτNg: ð5Þ

For convenience, we define the combination of the cou-
plings YlN by2

YlN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y2
eN þ Y2

μN þ Y2
τN

q
;

which is a very good parametrization in case the charged
leptons are assumed to be massless.

B. Theoretical and experimental constraints

The parameters of the model in Eq. (5) are subject to
various theoretical and experimental constraints. We start
with a brief discussion of the constraints influencing the
scalar potential parameters and MH� , where more details
can be found in [30]. The width of the SM Higgs boson is
only affected by the rate of its decay to γγ. In this model,
this process receives new contributions from the charged
singlet scalar, which give rise to destructive or constructive
contributions depending on the sign of λ3 [64–66].3 In the
present work, we have used the most recent ATLAS-CMS
combined measurement of jκγj [67],

jκγj≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓðH → γγÞ=ΓðH → γγÞSM

p
¼ 0.87þ0.14

−0.09 :

We assume the theoretical prediction to be in agreement
with the experimental measurement at the 2σ level.
We found that the enhancement of jκγj always occur for
λ3 < 0, which excludes charged scalars with masses up to

∼380 GeV [66]. For λ3 > 0, we get three possible regimes:
(i) large and negative contribution that implies an enhance-
ment of κγ , (ii) positive but small contribution, which
makes κγ consistent with the experimental measurement,
and (iii) exact or almost exact cancellation between the H�
and the W-boson contributions, which make κγ very small.
Therefore, for λ3 > 0, charged singlet masses up to
380 GeV are excluded, but with a small region where
the constraints completely vanish.
In addition to constraints from Higgs decays, the

parameters of the scalar potential are subject to a number
of theoretical constraints. We note that the bounds on the
scalar potential of this model can be obtained from those in,
e.g., the inert doublet model by setting λ4 ¼ λ5 ¼ 0. In this
study, we impose constraints from vacuum stability con-
ditions (or boundedness from below) [68], perturbativity,
perturbative unitarity [69,70], and false vacuum [71]. The
false vacuum condition plays a very important role in
constraining the parameters λ2, λ3, and MH� . We get

M2
H� ≥

1

2

 
λ3υ

2 −M2
HSM

ffiffiffiffiffi
λ2
λ1

s !
: ð6Þ

We found that (i) λ3 cannot be larger than 5 for all charged
scalar masses, and (ii) there is a parabola in the plane
defined by λ3 and MH� , which simply tells us that the
smaller the minimum allowed value of MH� is, the smaller
is the maximum allowed value of λ3. These conclusions
are mildly dependent on the choice of λ2 and, therefore, we
choose λ2 ¼ 2 in the remainder of this manuscript without
loss of generality.
The model can be constrained by using the null results of

LEP and LHC searches for supersymmetric particles [72–74].
The OPAL Collaboration of the LEP experiment has
searched for charginos decaying into a charged lepton
and the lightest supersymmetric neutralino using 680 pb−1

of integrated luminosity [72]. Assuming that the branching
ratio of H� → μ�NR is 100%, the production of charged
singlet pairs occurs through gauge interactions (s-channel
diagrams with the exchange of γ�=Z0). This search con-
strains the mass of the charged singlet to be not heavier than
100 GeV for any value of YμN . This can be seen clearly in

FIG. 1. Example of Feynman diagrams for the pair production
of singlet scalars at the LHC. Here we show the production
through qq̄ annihilation (left) and through gg fusion which is one-
loop induced (right).

2This is equivalent to a definition of a system of spherical
coordinates wherein the new parameters are YlN; θ, and φ such
that θ ∈ ½0; π� and φ ∈ ½0; 2π�. The couplings in Eq. (2) are
defined here as YeN ¼ YlN cosφ sin θ, YμN ¼ YlN sinφ sin θ,
and YτN ¼ YlN cos θ.

3We have found a typo in the analytical expression in Ref. [65]
which may influences their numerical results.
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the red contour of Fig. 2. The ATLAS Collaboration at the
LHC has also searched for sleptons and charginos assuming
100% branching fraction to a charged lepton and neutra-
lino. These searches targeted large mass splitting Δ ¼
mel −mχ0 ≥ 80 GeV [73] and compressed spectra for a

mass splitting as low as 0.55 GeV [74]. The two searches
utilized a total luminosity of 139 fb−1. The first search
resulted in constraining the scalar singlet masses to be
lighter than about 440 GeV, while the search for com-
pressed spectra constrained the whole compressed region
for MH� up to 150 GeV (see the blue and green contours
of Fig. 2).
Before closing this subsection, we comment on the

effect of the gluon fusion-induced cross section on the
current bounds from slepton searches. The pair production
of the charged singlet scalar at the LHC proceeds through
two classes of diagrams (see Fig. 1). In all the calculations,
we have used the NNPDF3.0_as_0118_lo parton distri-
bution function set [75] and have chosen the renormaliza-
tion and factorization scales to be equal to the charged
scalar mass; μR ¼ μF ¼ MH� . For the production through
qq̄ annihilation, we have estimated the cross section at
leading order (LO) with up to two extra partons in the final
state. The merging of these samples were performed using
the MLM merging scheme [76]. The production cross
section ranges from 81.12 fb for MH� ¼ 100 GeV to

0.17 fb for MH� ¼ 500 GeV. It is very important to check
whether the contribution of gg fusion would affect the
bounds for large values of λ3 in the regions near the
exclusion bounds. We have calculated the gluon-induced
cross section taking into account both diagrams involving
a gauge boson (γ=Z) and a SM Higgs boson. We found that
for charged scalar masses of 400–500 GeV, the gluon-
induced contribution is much smaller than the leading
order Drell-Yan contribution.4 This implies that the current
bounds are not affected by the inclusion of the contribution
from the gg fusion.

C. Examples of UV completions

In this section, we discuss the UV completions of this
minimal framework. In general, there are two ways to UV
complete the first term in LS: (i) assume it to be a part of a
radiative neutrino mass model, or (ii) embed it in a grand
unified theory, SUð5Þ for example. We start with the
radiative neutrino mass models. The most economical
way to extend this model is through the so-called
Krauss-Nasri-Trodden (KNT) three-loop radiative neutrino
mass model [77]. In addition to S and NR, the KNT model
extends the SM with an additional scalar singlet that is even
under Z2. Another possibility is through the so-called
scotogenic model, which extends the SM with one inert
doublet and three right-handed fermions [78]. The phe-
nomenology of the scotogenic model has been widely
studied in the literature [79–86]. The relevant interaction
becomes

L ⊃ hαβL̄Lαðiσ2ÞΦIDMNβ ⊃ hαβlLαSNβ; ð7Þ

where ΦInert DoubletModel ¼ ðS; ðh2 þ ia2Þ=
ffiffiffi
2

p ÞT , and α, β
are generation indices. Identifying (7) with the first term in
LS, we have YeN ¼ h11; YμN ¼ h21; YτN ¼ h31. We must
stress that the gauge interactions of the singlet scalar in this
model are different from the scotogenic model due to the
fact that S is a member of the SUð2ÞL doublet, whereas it is
a singlet in the present model.
The first term in Eq. (2) can be obtained from a grand

unified theory; for example, by embedding the SM into a
SUð5Þ gauge group with the matter fields belonging to the
10F and 5̄F representations, the charged singlet belongs to
the 10H representation, and the right-handed neutrino
belongs to the singlet representation 1α, which in this case
we can write as

Lint ¼ gαβ10α ⊗ 10H ⊗ 1Nβ
⊃ gαβlT

RαCNβSþ: ð8Þ

FIG. 2. Summary of the collider constraints on the parameter
space of the model displayed on the plane of ðMH� ;MNR

Þ. We
show the constraints from LEP searches of sleptons and charginos
(red), LHC searches for sleptons in the compressed regime (blue),
and constraints from LHC searches of sleptons and charginos
for large mass splittings (green). Here, we assume that the
charged singlet scalar decays to μ�NR with a branching fraction
of 100% and assume the narrow width approximation by
selecting parameters for which we have ΓH�=MH� < 0.15.
The gray dashed line corresponds to the kinematical boundary
above which the NR particle is not a suitable dark matter
candidate.

4For example, the gluon-induced cross section is 0.036 fb for
λ3 ¼ 4 and MH� ¼ 500 GeV.
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In addition to the minimal SUð5Þ, we can obtain the first
term of Eq. (2) from a flipped-SUð5Þ ⊗ Uð1ÞX grand
unified theory (GUT). Here, the right-handed charged
lepton field is a singlet under SUð5Þ, whereas the right-
handed neutral fermion (NR) is a member of the 10α
representation. In this case, we have

Lint ¼
hαβ
Λ

10α ⊗ 1̄β ⊗ 10H ⊗ 1S þ H:c:

⊃
hαβh10Hi

Λ
NTClRS−; ð9Þ

where we integrated out a heavy intermediate state with a
scale Λ ≫ ΛGUT.

III. CHARGED LEPTON FLAVOR
VIOLATION

The interaction Lagrangian in Eq. (2) conserves total
lepton number to all orders in perturbation theory since
the charged singlet possesses a lepton number.5 However,
the charged singlet scalar can give rise to processes
violating flavor lepton numbers Lα; α ¼ e, μ, τ at the
one-loop order. These processes are called charged lepton
flavor violating (CLFV) processes and are categorized
into three categories: (i) lα ¼ lβγ, (ii) lα → lβlβlβ, and
(iii) e–μ conversion in nuclei. In this section, we discuss
the impact of the CLFV constraints on the model
parameter space. The most stringent bounds on the
couplings YlαN come from the branching ratio of μ→eγ
decay. The analysis of the CLFV decays in this work are
heavily based on the results of Refs. [87–90]. A summary
of the current and future bounds on the CLFV decays is
shown in Table I.

A. lα → lβγ

The radiative decays of charged leptons (lα → lβγ)
receive contributions from the exchange of the charged
singlet scalar and Majorana DM. After computing the
one-loop integrals, we get the effective magnetic dipole
operator μMβαlβσ

μνlαFμν=2 with μβα ¼ emαAM=2 and AM is
given by

AM ¼ YlβNYlαN

2ð4πÞ2
1

M2
H�

F ðξÞ;

where ξ ¼ M2
NR
=M2

H� and F ðxÞ ¼ ð1 − 6xþ 3x2 þ 2x3 −
6x2 log xÞ=ð6ð1 − xÞ4 is the one-loop function which has

the following limits F ðxÞ → 1=6ð1=12Þ for x → 0ð1Þ.
The resulting decay branching ratio can be computed easily
to give

BRðlα → lβγÞ ¼
3ð4πÞ3αEM

4G2
F

jAMj2 × BRðlα → lβνα:ν̄βÞ:

ð10Þ

Here, GF ¼ 1.166 × 10−5 GeV−2, αEM ¼ 1=137, and
BRðlα → lβνανβÞ is the SM decay branching ratio. We
choose BRðμ → eννÞ, BRðτ → eνν̄Þ, BRðτ → μνν̄Þ ≈ 1,
0.1783, 0.1741 [100].
Using the most recent experimental bounds on BRðlα →

lβγÞ from the MEG [91] and BABAR [93] experiments, we
can use Eq. (10) to derive the following bounds on the
products of the couplings:

jYeNYμN j <
�
2.855 × 10−5

GeV

�
2 M2

H�

jF ðξÞj ;

jYeNYτN j <
�
4.428 × 10−4

GeV

�
2 M2

H�

jF ðξÞj ;

jYτNYμN j <
�
4.759 × 10−4

GeV

�
2 M2

H�

jF ðξÞj : ð11Þ

Since the one-loop function varies roughly between 1=12
and 1=6, the upper bound on the coupling YlαNYlβN is
proportional to the square of the charged singlet mass with
almost no dependence on MNR

. Therefore, limits are
expected to be strong for light H� and become very weak
for heavy H�. This can be clearly seen in Fig. 3, where the
maximum allowed values of jYlαNYlβNj by the CLFV

decays BRðlα → lβγÞ are shown as a function of ξ ¼
M2

NR
=M2

H� for MH� ¼ 500, 1000, and 5000 GeV. As
expected, the bounds on jYeNYμN j are the strongest ones,
while the bounds on jYτNYμN j and jYeNYτN j are similar.

TABLE I. Current experimental bounds and future sensitivities
for low-energy CLFV decays and high-energy Higgs boson
lepton flavor violating decays.

CLFV decay Existing bounds Expected projections

μ → eγ 5.7 × 10−13 [91] 6 × 10−14 [92]
τ → eγ 3.3 × 10−8 [93] ∼10−8 − 10−9 [94]
τ → μγ 4.4 × 10−8 [93] ∼10−8 − 10−9 [94]
μ → eee 1.0 × 10−12 [95] ∼10−16 [96]
τ → eee 2.7 × 10−8 [97] ∼10−9 − 10−10 [94]
τ → μμμ 2.1 × 10−8 [97] ∼10−9 − 10−10 [94]
HSM → μτ 1.5 × 10−3 [98] � � �
HSM → eτ 2.2 × 10−3 [98] � � �
HSM → eμ 3.5 × 10−4 [99] � � �

5To generate a Majorana neutrino mass one has extend the
Lagrangian (2) so that the total lepton number is violated. The
minimal realization of such breaking can be achieved by having,
in addition to S, a second SUð2Þ singlet charged scalar with
lepton number equals to two units; which is the KNT model.
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We must stress that the experimental bounds on the CLFV
processes constrain the product jYlαNYlβN j and not each
coupling YlαN separately. Following this finding, there is
some freedom regarding the choice of the couplings, which
we call here benchmark scenarios (see next sections).
Given that this study is mainly concerned about the
phenomenology of the leptophilic DM models at muon
colliders, we choose a scenario where the coupling of dark
matter to the muon is quite large, whereas the other
couplings are chosen such that they fulfill the experimental
bounds on CLFV decays: YμN ≃Oð1Þ≳ YτN ≫ YeN .

B. lα → lβlβlβ

It is worth discussing the constraints from the CLFV
decays lα → lβlβlβ. These processes receive four con-
tributions at the one-loop order: penguin diagrams with
the exchange of γ, Z, and HSM and box diagrams. The
contribution of the SM Higgs boson is suppressed due to
the smallness of the Higgs-lepton Yukawa coupling. The
corresponding branching ratio is given by [90]

BRðlα → lβlβl̄βÞ ¼
3ð4πÞ2αEM

8G2
F

�
jANDj2 þ jAMj2

�
16

3
log

�
mα

mβ

�
−
22

3

�zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{γ penguin

þ 1

3
ð2jZRRj2 þ jZRLj2Þ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Z penguin

þ 1

6
jBboxj2 þ 2Re

�
−2ANDA�

M þ 1

3
ANDB�

box −
2

3
AMB�

box

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Interference

�
× B; ð12Þ

where B≡ BRðlα → lβναν̄βÞ. The contribution of the γ
penguins consists of the magnetic or dipole (AM) nd the
nondipole (AND) contributions. The dipole contribution is
the same as for BRðlβ → lβγÞ, but is enhanced by a factor
of 16 × ðlogðmα=mβÞ − 22Þ=3, which varies between 7 and
36 for τ → 3μ and τ → 3e, respectively. The nondipole
contribution is given by

AND ¼ YlαNYlβN

6ð4πÞ2
1

M2
H�

GðξÞ;

with GðxÞ¼ ð2−9xþ18x2−11x3þ6x3 logxÞ=ð6ð1−xÞ4Þ
being the one-loop function for the nondipole γ penguin.
This function has the following limits: limx→0 GðxÞ ¼ 1=3
and limx→1 GðxÞ ¼ 1=4. Therefore, the dipole γ-penguin
contribution is large as compared to the nondipole con-
tributions; limx→0ðlimx→1ÞAM=AND×ð16=3 logðmα=mβÞ−
22=3Þ≈f3.5;11;18gðf2;7;12gÞ for τ → 3μ; μ → 3e, and
τ → 3e, respectively. The Z-penguin contribution is
given by

ZRR ¼ glRZND

g21sin
2θWM2

Z
; ZRL ¼ glLZND

g21sin
2θWM2

Z
; ð13Þ

where glR; g
l
L are the right- and left-handed components of

the Z-boson couplings to charged leptons, g1 is the SUð2ÞL
gauge coupling, sin θW is the sine of the Weinberg mixing
angle, and ZND is the momentum-independent Z-boson
form factor, which is given by

ZND ¼ YlαNYlβN

2ð4πÞ2
mαmβ

M2
H�

g1
cos θW

F ðξÞ:

We can see that the Z-penguin contribution involves
an extra suppression by a factor of mαmβ as compared
to the dipole γ contribution. Finally, the box contribution is
given by

Bbox ¼
YlαNY

3
lβN

27π3αEMM2
H�

½D1ðξÞ þ 2ξD2ðξÞ�; ð14Þ

FIG. 3. Themaximum value of the products of the YlαNYlβN as a
function of ξ for different values of the charged singlet massMH� .
The results are shown for MH� ¼ 500 GeV (dashed), MH� ¼
1000 GeV (dotted), and MH� ¼ 5000 GeV (dash-dotted).
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where D1;2ðxÞ are the one-loop box functions given
by D1ðxÞ ¼ ð−1þ x2 − 2x log xÞ=ð1 − xÞ3 and D2ðxÞ ¼
ð−2þ 2x − ð1þ xÞ log xÞ=ð1 − xÞ3. The contribution of
the box diagrams, contrary to penguins, has an extra factor
of Y2

lβN
. Therefore, it may dominate for large couplings of

the daughter lepton to DM. In this work, we check that the
benchmark scenarios satisfy the bounds from the lα → 3lβ

decays (see Table II).

C. HSM → lαlβ

We close this section by a brief discussion of the CLFV
decays of the SM Higgs boson. These decays have been
searched for by the ATLAS and the CMS Collaborations,
with the strongest bounds reported by THE CMS
Collaboration [98,99]. In this model, the CLFV decays
of the SM Higgs boson are degenerate to the radiative
CLFV decays of the charged leptons. The constraints from
CLFV of charged leptons imply that the CLFV decays
of the SM Higgs boson are extremely suppressed and
may even be beyond the future reach of the LHC and
future colliders. The SM Higgs boson decay into lαlβ is
given by [101]

BRðHSM → lαlβÞ ≃ 1.2 × 103 × jylαYlαNYlβN j2

×

�
λ3
4π

�
2
�

υ

MH�

�
4

; ð15Þ

where ylα ¼ mlα=ð
ffiffiffi
2

p
υÞ is the Higgs-lepton Yukawa cou-

pling of the heavier lepton (chosen here to be lα). In this
formula, the contribution of the lighter lepton is neglected.
We expect the bounds from HSM → lαlβ searches to be
very weak. This can be clearly seen in Table II for the
benchmark points we have used in this study.

IV. DARK MATTER

In this section, we discuss the DM phenomenology
within this model. We start with the calculation of the relic
density of the NR particles in Sec. IVA and then move to a
detailed analysis of the spin-independent DM-nucleus
scattering cross section in Sec. IV B. Next, we derive
the constraint on the couplings YlN by analyzing the Higgs
invisible decays and conclude by a selection of the bench-
mark points that are compatible with all the theoretical and
experimental constraints in Sec. IV D.

A. Relic density

The relic density of the NR particles receives contribu-
tions from both the annihilation and the coannihilation.
The coannihilation becomes active when the mass
splitting Δ≡MH� −MNR

< 0.1 ×MNR
, whereas the anni-

hilation contributes for the whole parameter space. For
the annihilation, there are two major contributions:

(i) NRNR → lþ
α l−

β from the exchange of the charged scalar
singlet in t and u channels, and (ii) NRNR →

P
X∈SM XX̄,

which arises from the exchange of the SM Higgs boson via
s-channel diagrams. Note that s-channel contributions to
the relic density are negligible in our model if one demands
perturbativity of the couplings. The reason is that the
leading order contribution to the s-channel annihilation
amplitudes arises at the one-loop order.
To obtain the relic density of the NR particles, one must

solve the Boltzmann equations given by [1,102,103]

dnNR

dt
þ 3HnNR

¼ −2hσNR
vi½ðnNR

Þ2 − ðneqNR
Þ2�; ð16Þ

where H ¼ _a=a, nNR
is the number density of the NR

particle and neqNR
≈ gNR

ðMNR
T

2π Þ3=2e−MNR
=T is its number

density in the thermal equilibrium. Note that, in the absence
of interactions that change the number density of NR, the
right-handed side of Eq. (16) would be equal to zero and
nNR

∝ a−3. This equation can be solved to give approx-
imately

ΩDMh2 ≃
3 × 10−27 cm3 s−1

hσðxfÞvi
; ð17Þ

where hσðxfÞvi is the thermally averaged annihilation cross
section for the NR particle,

hσðxfÞvi¼
1

8M4
NR
TfK2

2ðMNR
=TfÞ

X
α;β

Z
∞

4M2
NR

dŝ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝ−4M2

NR

q
×K1ð

ffiffiffî
s

p
=TfÞσNRNR→lαlβðŝÞ; ð18Þ

where K1ðxÞ and K2ðxÞ are the modified Bessel functions
of the second kind and σNRNR→lαlβðŝÞ is the annihilation
cross section into charged lepton, which is given by

σNRNR→lαlβðŝÞ ¼
1

23π

jYlαNYlβN j2
ŝκ̂1

�
ðm2

lα
þm2

lβ
Þðŝ− 2M2

NR
Þ

þ 1

6

κ̂2
κ̂1
ŝðŝ− 4M2

NR
Þ
�
; ð19Þ

where κ̂i ≡ κ̂iðM2
H� ;M2

NR
; ŝÞ, κ̂1ðx; y; zÞ ¼ ð2xþ 2y − zÞ2,

and κ̂2ðx; y; zÞ ¼ ð4x − 4yþ zÞ2 − 2z2. To simplify the
discussion about the relic density, we consider the annihi-
lation cross section in the limit ŝ → 4M2

NR
,

σNRNR→lαlβ ≈
jYlαNYlβN j2
26πM4

H�
ðm2

lα
þm2

lβ
Þ
�
1þ M2

NR

M2
H�

�
−2
:

This equation simply tells us that the contribution of the
annihilation to the relic density becomes very small for a
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very heavy charged singlet scalar and, in this case, one
needs to have large YlN to produce the correct relic density.
On the other hand, for large values of the mass splitting and
heavy charged singlet scalar, one cannot reproduce the
correct relic abundance if one demands perturbativity of the
couplings.

The coannihilations are more involved in this model as
we can have additional contributions that have different
dependence on the model parameters. There are two generic
coannihilation channels: NRH� → SM and H�H∓ → SM.
Below, we list the individual contributions and the overall
dependence of the corresponding cross section,

NRH� → l�
αHSM∶ σ ∝ λ23Y

2
lαN

;

NRH� → l�
α Z; l�

α γ; νW�∶ σ ∝ Y2
lαN

;

H�H∓ → l�
α l

∓
β ∶ σ ∝ jYlαNYlβN j2A1 þ jYlαNYlβN jA2 þA3;

H�H∓ → qq̄∶ σ ∝ λ23B1 þ λ3B2 þ B3;

H�H∓ → ZZ; HSMZ; W�W∓∶ σ ∝ λ23C1 þ λ3C2 þ C3;

H�H∓ → HSMHSM∶ σ ∝ λ43D1 þ λ23D2;

where Ai, Bi, Ci, and Di are real-valued coefficients that
depend on the dark matter mass, the charged singlet scalar
mass, and the final-state particles. The coannihilation
becomes very active for quite large λ3 and YlN and may
even drive the relic density to very small values (∼ orders
of magnitudes smaller than the observed abundance). In
general, the coannihilation is dominated by contributions
of the following two processes: H�H∓ → 2HSM and
NRH� → l�

αHSM. In the presence of coannihilations, the
Boltzmann equations become

dnNR

dt
þ 3HnNR

¼ −2hσeffvri½ðnNR
Þ2 − ðneqNR

Þ2�
þ NΓH�nH� ; ð20Þ

dnH�

dt
þ 3HnH� ¼ −ΓH�nH� ; ð21Þ

where N is the mean number of NR particles, nH� is
the number density of H�, and ΓH� is its total width.
Note that here we have replaced the thermally averaged
annihilation cross section in Eq. (16) by the effective cross
section

hσeffvri ¼
X

i;j∈fNR;H�g
hσðij → SMÞvri

neqi n
eq
j

ðneqNR
Þ2 : ð22Þ

The relic density of NR is obtained from the numerical
solutions of the coupled Boltzmann equation (21). MadDM

version 3.0 is used to solve the Boltzmann equations and
compute the relic density of NR [104]. In Fig. 4, we show
the values of the coupling YlN consistent with the meas-
urement of the relic density by the Planck Collaboration
projected on the mass of the dark matter and the mass of the

charged singlet scalar. We can see that the relic abundance
of the NR is consistent with the Planck measurement only
for very specific regions. If the mass splitting between
H� and NR is large, we need large values of the YlN .
However, even for YlN near the perturbativity bound the
mass splitting cannot be arbitrary large: Δmax ≈
600ð2000Þ GeV for MNR

¼ 10ð100Þ GeV. The relic den-
sity becomes almost independent of YlN for large MNR

in
the coannihilation regions. We conclude this section by
noting that the model cannot reproduce the correct relic
density with the standard freeze-out mechanism for the
region marked in blue in Fig. 4, as it breaks the perturba-
tivity of the coupling YlN .

FIG. 4. Values of the coupling YlN consistent with the
measurement of the relic density by the Planck Collaboration
projected on the mass of the dark matter and the mass of the
charged singlet scalar. The isolines corresponding to Ωh2 ≈ 0.12
are shown for YlN ¼ 1, 2, 3, 4, 5, 7.5, and 4π. The blue shaded
area corresponds to the region where the perturbativity is broken,
whereas the shaded gray region corresponds to the kinematically
forbidden region MNR

> MH� , in which NR is not stable and
therefore not a suitable dark matter candidate.

ADIL JUEID and SALAH NASRI PHYS. REV. D 107, 115027 (2023)

115027-8



B. Direct detection

We turn now to the discussion of the constraints from
direct detection experiments on the model parameter space.
In this model, the scattering cross section of NR off the
nucleus with atomic number (A) occurs at one-loop order,
where the SM Higgs boson plays the role of a portal. The
generic formula for the spin-independent cross section is
given by6

σSI ¼
4

π
μ2AðZ · Sp þ ðA − ZÞ · SnÞ2; ð23Þ

with Sp;n being the scalar current nucleon (p=n) form factors
and where μA ≡MNR

mA=ðMNR
þmAÞ is the reduced mass

of the NR–A system. The nucleon form factors have two
contributions: (i) from particle physics, which is connected
to the scattering amplitude of the NR − ðq=gÞ process, and
(ii) from low-energy nuclear physics that are computed using
chiral perturbation theory [106–109].
The generic formula of fp;n is given by

Sp;n ¼ mp;n

X
u;d;s

Aq

mq
Sq
p;n þ 2

27
mp;nS

g
p;n

X
c;b;t

Aq

mq
; ð24Þ

where mp ¼ 938.27 and mn ¼ 939.56 MeV are the proton
and neutron masses, respectively. The values of the scalar
nucleon low-energy form factors are chosen to be [110]

Su
p ¼ 1.53 × 10−2; Sd

p ¼ 1.91 × 10−2; Ss
p ¼ 4.47 × 10−2; Sg

p ¼ 1 −
X

q¼u;d;s

Sq
p ¼ 92.09 × 10−2;

Su
n ¼ 1.10 × 10−2; Sd

n ¼ 2.73 × 10−2; Ss
n ¼ 4.47 × 10−2; Sg

n ¼ 1 −
X

q¼u;d;s

Sq
n ¼ 91.70 × 10−2:

At the parton level, the scattering amplitude reads

MqNR→qNR
¼ Aqψ̄qðpoutÞψqðpinÞ; ð25Þ

where Aq is connected to the nonhadronic part of the
amplitude. The term ψ̄qðpoutÞψqðpinÞ should be incorpo-
rated in a hadronic current hN j · jN i,

hN jψ̄qψqjN i ¼
( mN

mq
· Sq

N ; for q ¼ u; d; s;

2
27

mN
mq

· Sg
N ; for q ¼ c; b; t;

ð26Þ

where N ¼ p, n. The model-dependent nonhadronic form
factor is given by

Aq ¼
ỹðQ2 ≈ 0Þ
M2

HSM

·
mq

v
ψ̄NR

ðkoutÞψNR
ðkinÞ; ð27Þ

where ỹðQ2 ≈ 0Þ is the effective HSMNRNR coupling
computed in the low-energy limit. With the help of the
PackageX [111], we can obtain it with the use of Eq. (30),

ỹðQ2 ≈ fv0Þ ≃ −
λ3vjYlN j2
16πMH�

1

ϱN
½1 − ð1 − ϱ−2N Þ log ð1 − ϱ2NÞ�

≡ −
λ3vjYlN j2
16πMH�

HðϱNÞ; ð28Þ

where ϱN ¼ MNR
=MH� . Here, HðxÞ is a monotonous and

increasing function of x in the interval [0, 1] and has the
following limits limx→0HðxÞ ¼ 0 and limx→1HðxÞ ¼ 1.
Note that the first limit corresponds to a small dark matter
mass and a heavy charged scalar for which the model
cannot reproduce the correct relic abundance, while the
second limit corresponds to the nearly degenerate scenario,
where coannihilation is the most active component in the
relic abundance calculation. In addition, the effective
coupling involves an extra suppression by 1=MH�, which
simply means that the direct detection spin-independent
cross section is always below the neutrino floor for heavy
H�. From Eq. (28), one also expects that the spin-
independent cross section is always proportional to
jYlN j4. Therefore, large YlN regions with large σSI would
also correspond to small relic density (which is propor-
tional to 1=jYlN j4)7 and for these scenarios σSI needs to be
scaled by a factor ξPlanck ≡ΩNR

h2=ΩPlanckh2. This implies
that the spin-independent cross section would always be
consistent with the current Xenon 1T bounds [15] for most
regions of the parameter space, as can be seen clearly
in Fig. 5.

C. Higgs invisible decay

The Higgs invisible decay occurs at the one-loop level
with the exchange of the charged scalar and right-handed
fermion. The partial decay width is given by

6The spin-dependent cross section is very small in our model, as
the exchanged particle is the SM Higgs boson, which is a scalar
particle with JP ¼ 0þ. Nevertheless, we will compute this observ-
able for some benchmark scenarios and estimate their consistency
with the current bounds from the PICO experiment [105].

7This is consistent with our previous finding in [30] where a
strong anticorrelation between σSI and ΩNR

h2 was observed.
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ΓðHSM → NRNRÞ ¼
MHSM

jỹj2
8π

�
1 −

4M2
NR

M2
HSM

�
3=2

; ð29Þ

with ỹ as the one-loop-induced effective HSM–NR–NR
coupling, which is given by

ỹ ¼ λ3υMNR

16π2
X
l

jYlN j2ðC0 þ C2Þ; ð30Þ

with Ci ≡ CiðM2
NR
;M2

HSM
;M2

NR
; m2

l;M
2
H� ;M2

H�Þ; i ¼ 0, 2
being the Passarino-Veltman three-point functions [116]. The
computation of the Feynman amplitudes has been performed
using FeynArts, FormCalc, and LoopTools [117,118]. We have
used a Python interface to LoopTools to evaluate numerically the
one-loop integrals.8 We define the Higgs invisible branching
ratio as

Binv ≡ ΓðHSM → NRNRÞ
ΓðHSM → NRNRÞ þ ΓSM

H
; ð31Þ

where ΓSM
H ¼ 4.07 MeV. Using Eqs. (29)–(31), we can

obtain bounds on the coupling YlN . The bound is analyti-
cally defined by

YlN <

 
2048π5ΓSM

H

β3=2N MHSM
λ23υ

2M2
NR
jC0 þ C2j2

�
1

Bbound
− 1
	!1=4

;

where βN ≡ ð1 − 4M2
NR
=M2

HSM
Þ and Bbound is the upper

bound on BRinv.
Searches for Higgs invisible decays have been carried

out by ATLAS and CMS Collaborations [119–121].
The strongest and most up-to-date bound on Binv was
reported by the CMS Collaboration using a combination of
previous Higgs to invisible decay searches at 7, 8, and
13 TeV, where it has been found that Binv < Bbound ¼ 0.19
at 95% C.L. [121], assuming that the rates of the Higgs
boson production are equal to the SM predictions. On the
other hand, several groups have performed global analyses
using recent Higgs boson measurements and obtained
stringent limits [122,123]. Finally, several studies have
been devoted to the projected sensitivities of the future
collider experiments to Higgs invisible decays from
HL–LHC [124], FCC-ee [125], ILC [126], CEPC [127],
and FCC-hh [128]. In Fig. 6, we show the excluded values
of YlN from present and future bounds on BRinv assuming
MH� ¼ 500 GeV (left panel) andMH� ¼ 1000 GeV (right
panel) with λ3 ¼ 4. As we can see, the present bounds are
extremely weak, which excludes YlN ∼ 6 for MNR

∼
49 GeV. The future experiments are expected to exclude
smaller values of the coupling YlN ; e.g., FCC-hh can
exclude values up to 0.7 for MNR

∼ 49 GeV.

D. Benchmark points

From the discussions in Secs. II and IV, we can conclude
the following:

(i) The scalar singlet cannot be lighter than 440 GeV for
mass splittings with dark matter mass ≤ 80 GeV.

(ii) CLFV can constrain only the product of the Yu-
kawa-type couplings and not their individual values.
So, benchmark points have to be chosen.

(iii) DM direct detection constraints are not very strong,
as expected, since the spin-independent cross section
is induced at the one-loop level.

(iv) The constraints from the consistency with the
measurement of the DM relic density forbids large
mass splittings if the Yukawa-type couplings are of
order Oð1Þ.

The benchmark points used in the discussion of the
general features of DM production at muon colliders are
shown in Table II. There are four of these benchmarks and
each one has its own phenomenological implications.

1. BP1

This benchmark point is characterized by a relatively
light DM (MNR

¼ 50 GeV) and a charged singlet mass near
the exclusion limit reported by the LHC (see Fig. 2). On the
other hand, the Yukawa-type couplings are chosen such

FIG. 5. The spin-independent cross section as function of the
dark matter mass MNR

; the colored scatter points correspond
to the charged singlet scalar massMH� . In the same plot, we show
the current bounds from Xenon 1T [15] in dashed sienna and
the future expectations from Xenon nT [112], LUX LZ [113], and
DarkSide G2 [114]. The shaded orange area marked by “neutrino
floor” corresponds to the backgrounds from the coherent scatter-
ing with solar neutrinos, atmospheric neutrinos, and supernova
neutrinos [115]. The spin-independent cross section was scaled
by a factor of ξPlanck ¼ ΩNR

h2=ΩPlanckh2 with ΩPlanckh2 ≈ 0.12.
All the calculations were performed for YlN ¼ 2 and λ3 ¼ 4.

8
PYLOOPTOOLS is a Python binding to LoopTools and can be

found in this GitHub directory: https://github.com/djukanovic/
pylooptools.git.
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that YμN ≫ YτN > YeN . This choice leads to a charged
scalar decaying predominantly into μNR with a branching
fraction approaching 100%. On the other hand, the charged
lepton flavor violating decays are such that BRðτ → eγÞ is
well below the sensitivity reach of foreseeable future
experiments. The other branching ratios are below the
current experimental bounds, but can be tested in the near
future. For DM observables, the relic density for this BP is
about 90% of the observed abundance and the spin-
independent DM-nucleon cross section is below the
Xenon1T bound and the expected DarkSide G2 bound,
but can be excluded or discovered by LZ.

2. BP2

For this point, we choose MH� ¼ 500 and
MNR

¼ 200 GeV. The Yukawa-type couplings are chosen
using the same hierarchy as BP1 but with relatively
different values, i.e., YμN ¼ 1.6, YτN ¼ 5 × 10−1, and
YeN ¼ 5 × 10−4. This leads to the following branching
ratios BRðH� → μ�NRÞ ≃ 91%, BRðH� → τ�NRÞ ≃ 9%,
and BRðH� → e�NRÞ ≃ 0%. The charged scalar is narrow
in this case, as ΓH�=MH� ≃ 0.04. The CLFV decays of
charged leptons exhibit similar features as in BP1, with the
exception that BRs of τ → μγ and μ → eγ can be probed in
the future experiments, as they are slightly below the
current bounds. The spin-independent DM-nucleon cross
section can be probed by the DarkSide G2 experiment.

3. BP3

For this point, we choose the following values of the
particle masses: MH� ¼ 600 and MNR

¼ 598 GeV, and
therefore a small mass splitting of 2 GeV. We select the
following values for the Yukawa-type couplings:
fYμN; YτN; YeNg ¼ f1; 0.5; 10−3g, which leads to the

following branching fractions: BRðH� → μ�NRÞ ≃ 90%,
BRðH� → τ�NRÞ ≃ 10%, and BRðH� → e�NRÞ ≃ 0%. In
this case, the branching ratios of CLFV decays of μ → eγ
and τ → μγ can be tested in future experiments. Since the
mass splitting is equal to 2 GeV, the most important
component in the calculation of the relic density comes
from coannihilation-based freeze-out and therefore the
choice of λ3 is pivotal in this case. For this BP, the relic
density of the NR is found to be below 2% of the total
observed DM relic density. Finally, this BP is not sensitive
to the direct detection experiments and the cross section is
above the neutrino floor.

4. BP4

Here, we choose relatively heavy DM and charged
scalar: MNR

¼ 1000 and MH� ¼ 1500 GeV. The
Yukawa-type couplings are chosen such that
YμN ¼ YτN ¼ 2 ≫ YeN ¼ 5 × 10−3. With this choice,
one gets BRðH� → μ�NRÞ ≃ BRðH� → τ�NRÞ ≃ 50%,
while BRðH� → e�NRÞ. Similar features to BP1 and
BP2 are observed for CLFV and DM phenomenology.
We close this section with a qualitative discussion of the

running of the parameter λ3 for the benchmark scenarios
that we study in this paper. The running of λ3 can be
determined by solving the renormalization group equations
(RGEs), which are given by

ð4πÞ2 dλ3
dt

≡ βλ3 ; ð32Þ

where t ¼ logðQ2Þ and βλ3 ¼ βð1Þλ3
þ � � � is the beta function

for λ3, which is given at one-loop order by

FIG. 6. The present and future exclusions on values of YlN for MH� ¼ 500 GeV and λ3 ¼ 4. Here we show the contours obtained
from the LHC (navy), HL-LHC (turquoise), FCC-ee (magenta), ILC (orange), CEPC (dark red), and FCC-hh (gray). All the bounds
were obtained assuming SM Higgs boson mass ofMHSM

¼ 125 GeV and SM Higgs boson production rates. The Higgs diphoton rate is
assumed to be equal to the SM prediction at LO.
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βð1Þλ3
¼ 27

100
g41 −

9

10
g21g

2
2 þ

9

4
g42 − 4ðY2

eN þ Y2
μN þ Y2

τNÞ

× Trðyhlyh;†l Þ þ λ3½2ðλ1 þ λ2Þ þ 4λ3 −
9

5
g21 − 4g22

þ 2Trðyhlyh;†l þ yhdy
h;†
d þ yhuy

h;†
u Þ

þ 2ðY2
eN þ Y2

μN þ Y2
τNÞ�; ð33Þ

where g1 and g2 are the gauge couplings, and yhf is the
Yukawa matrix of the SM fermion f ¼ l; d; u. We have
used SARAH version 4.15 [129,130] to calculate the beta
functions for the model parameters. From the above
expression, one can see that the terms proportional to λ3
can drive this coupling toward nonperturbativity at higher
energies. Approximate solution to the RGEs leads to values
of the Landau pole for this model around 105–107 GeV.

TABLE II. Characteristics of the four benchmark points in our model. Here, we show the values of the independent parameters, the
decay branching ratios, and total width of the charged singlet scalar, the CLFV decay branching ratios, and dark-matter observables. A
check mark (✓) indicates that the parameter point yields a smaller σSI than the experimental bound (present or expected), whereas an ✗
indicates that σSI is above the experimental bound.

Benchmark point BP1 BP2 BP3 BP4

Parameters
MNR

ðGeVÞ 50 200 598 1000
MH�ðGeVÞ 500 500 600 1500
YNe 10−4 5 × 10−4 10−3 5 × 10−3

YNμ 2.8 1.6 1 2
YNτ 5 × 10−2 5 × 10−1 5 × 10−1 2
λ3 4 5 5 6

Decays of H�

BRðH� → eNRÞ 1.27 × 10−9 8.89 × 10−8 8.98 × 10−7 3.12 × 10−6

BRðH� → μNRÞ 99.96 × 10−2 91.10 × 10−2 89.70 × 10−2 50.0 × 10−2

BRðH� → τNRÞ 3.18 × 10−4 8.89 × 10−2 10.29 × 10−2 49.99 × 10−2

ΓH�ðGeVÞ 76.45 19.72 5.88 × 10−4 73.68
ΓH�=MH� 15.29 × 10−2 3.94 × 10−2 9.81 × 10−7 4.91 × 10−2

BRðlα → lβγÞ and BRðlα → 3lβÞ
BRðμ → eγÞ 2.68 × 10−14 1.51 × 10−13 4.31 × 10−14 1.89 × 10−13

BRðτ → eγÞ 1.52 × 10−18 2.64 × 10−15 1.92 × 10−15 3.38 × 10−14

BRðτ → μγÞ 1.17 × 10−9 2.64 × 10−8 1.87 × 10−9 5.28 × 10−9

BRðμ → eeeÞ 1.47 × 10−16 8.21 × 10−16 2.27 × 10−16 1.01 × 10−15

BRðτ → eeeÞ 1.51 × 10−20 2.58 × 10−17 1.85 × 10−17 3.29 × 10−16

BRðτ → μμμÞ 1.21 × 10−8 9.79 × 10−9 2.63 × 10−12 1.17 × 10−9

BRðHSM → lαlβÞ
BRðHSM → μτÞ 2.31 × 10−8 1.18 × 10−6 2.22 × 10−7 5.24 × 10−7

BRðHSM → eτÞ 2.95 × 10−17 1.15 × 10−13 2.22 × 10−13 3.27 × 10−12

Dark matter observables

ΩNR
h2 9.84 × 10−2 9.25 × 10−2 2.11 × 10−3 8.53 × 10−2

hσυiðcm2Þ 2.40 × 10−9 2.55 × 10−9 7.32 × 10−8 2.69 × 10−9

σpSIðcm2Þ 1.60 × 10−47 3.45 × 10−47 2.28 × 10−48 1.47 × 10−46

σpSDðcm2Þ 6.51 × 10−62 6.29 × 10−62 1.98 × 10−65 8.29 × 10−60

Existing bounds

XENON1T ✓ ✓ ✓ ✓
PICO ✓ ✓ ✓ ✓

Expected projections

DarkSide G2 ✓ ✗ ✓ ✗
LZ ✗ ✗ ✓ ✗
Neutrino floor ✗ ✗ ✗ ✗
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A possible solution to this issue would be a UV completion
of the model at the energy scales where nonperturbativity is
reached. As it was mentioned already in Sec. II, the model
itself is not UV complete as it does not address, for
example, the neutrino mass problem; nevertheless, this
model is very simple in terms of the scaling of physical
observables. The only observables that are affected by the
choice of λ3 are the spin-independent DM-nucleus cross
section, the Higgs boson invisible decay width, and the
mono-Higgs production cross section, which scale as λ23.
Reducing the value of λ3 from, say, 4 to 2 would reduce the
constraints on the spin-independent cross section and the
mono-Higgs production rate by a factor of 4 and that of
the Higgs invisible decay by a factor of

ffiffiffi
2

p
.

V. PRODUCTION OF DARK MATTER AT MUON
COLLIDERS

A. Total cross sections

In this section, we discuss the general features of DM
production at muon colliders.9 In this model, DM can be
produced through a variety of processes:

(i) DM production in association with one SM particle
dubbed as mono-X. Given the nature of the inter-
action Lagrangian and the fact that the initial state
has a zero total electric charge, DM can only be
produced in association with one neutral boson.
Therefore, we have mono-γ, mono-Z, and mono-
Higgs (a full analysis of these channels will be done
in future work [133]).

(ii) DM production in association with two SM par-
ticles. For this category, we have seven different
processes. The rates of those processes are slightly
smaller than the mono-X production channels.
However, these processes have smaller backgrounds
(a full analysis of these channels will be done in
future work [134]).

(iii) DM production in association with three SM par-
ticles. The rates of the NRNR in association with
three SM particles are even smaller than the other
two categories. The signal-to-background optimiza-
tions for these channels are even more complicated,
whereas the backgrounds, on the other hand, are
extremely small.

In Fig. 7, we show the total cross sections for DM
production in μμ collisions as a function of the center-of-
mass energy ( ffiffiffiffiffiffisμμ

p ) for the four benchmark points defined
in Table II. Starting with mono-X processes, it is clear that
the mono-γ channel has the highest rate, with cross section

varying from ≃1 pb for ffiffiffiffiffiffisμμ
p ¼ 3 TeV to about 80 fb forffiffiffiffiffiffisμμ

p ¼ 30 TeV in BP1.10 Mono-Z production has the
second highest cross section, which varies between
200 fb for ffiffiffiffiffiffisμμ

p ¼ 3 TeV and about 2 fb forffiffiffiffiffiffisμμ
p ¼ 30 TeV. Finally, mono-Higgs production has the
lowest rates among all the mono-X processes with cross
section approaching 63 fb for ffiffiffiffiffiffisμμ

p ¼ 3. The rates for
mono-X decrease by about a factor of 10 for BP2, by a
factor of 100 for BP3, and by a factor of 10 for BP4. Notice
that the decrease in the production cross sections is not only
due to the DM mass but also to the change in the value of
YμN , since the total rates are proportional to Y4

μN . An
exception to this rule is in the mono-Higgs production cross
section, which decreases by factors of 6–200 since it scales
as λ23Y

4
μN .

The rates of the production of DM in association with
two SM particles are shown in Fig. 7. We can see that, as
expected, they are suppressed as compared to the case of
mono-X channels. The process with the highest rate is
NRNR þ γγ, whose cross section is between 50 and 2 fb.
This process is followed by NRNRγZ and NRNRWþW−,
whose cross sections are slightly smaller. An interesting
process is the production of DM in association with two
SM Higgs bosons, whose cross sections are about 1–3 fb
depending on the center-of-mass energy.
Finally, the production cross sections of DM in associ-

ation with three SM particles are shown in Fig. 7 for BP1–
BP4. It is clear that these rates are suppressed as compared
to those of the DM production in association with one SM
particle and two SM particles, respectively, with the
maximum cross section of about 1 fb for NRNRWþW−γ
and NRNRγγγ at

ffiffiffiffiffiffisμμ
p ¼ 3 TeV. We note that the depend-

ence on ffiffiffiffiffiffisμμ
p of the cross sections for the production of

NRNR in association with three SM particles is not as
strong as in the case of other processes. Despite the
smallness of these cross sections, these processes may
have a high sensitivity reach due to the smallness of the
associated backgrounds.

B. Expected event yields and dominant backgrounds

After discussing the total cross sections for all the
possible production channels of dark matter at muon
colliders, it is instructive to discuss both the total expected
number of events for specific decay channels of the SM
particles and the associated backgrounds. In this subsec-
tion, we focus on two categories of DM production
channels: (i) DM production in association with one SM
particle, where we consider four processes: NRNRγ,
NRNRZð→ llÞ, NRNRZð→ qq̄Þ, and NRNRHSMð→ bb̄Þ
and (ii) DM production in association with two SM

9The cross sections for both DM and charged scalar production
at muon colliders are computed at leading order using MadGra-
ph_aMC@NLO [131] with a Universal FeynRules Output model file
[132] that can be found in the FeynRules model database https://
feynrules.irmp.ucl.ac.be/wiki/MinimalLeptonPortalDM.

10Note that for mono-γ, we have applied some generator-level
cuts by requiring that pγ

T > 25 GeV and jηγ j < 2.5.
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particles, where we consider five processes: NRNRγγ,
NRNRγZð→ llÞ, NRNRZð→ llÞZð→ llÞ, NRNRVð→
qq̄ÞVð→ qq̄Þ, and NRNRHSMð→ bb̄ÞHSMð→ bb̄Þ. The
results are shown in Tables III and IV. The discussion will
be restricted for the following center-of-mass energies and
integrated luminositiesffiffiffiffiffiffi

sμμ
p ¼ 3; 10; and 30 TeVZ
dtL ¼ 1; 10; and 90 ab−1; ð34Þ

where we follow Ref. [45], assuming that the luminosity
has a linear scaling with the center-of-mass energy. The
expected number of events for mono-X processes is
calculated using the following equation:

N ¼ σNRNRX × BRX→x1x2 ×
Z

dtL: ð35Þ

For the production of DM in association with two SM
particles, we have

FIG. 7. Production cross section of NRNR þ X as a function of the center-of-mass energy ( ffiffiffiffiffiffisμμ
p ) for the benchmark points BP1 (left

upper panel), BP2 (right upper panel), BP3 (left lower panel), and BP4 (right lower panel). For each pane, we show the production cross
section for NRNR plus one SM particle, plus two SM particles and in association with three SM particles.
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N ¼ σNRNRXY × BRX→x1x2 × BRY→y1y2 ×
Z

dtL: ð36Þ

1. μ+ μ− → NRNR +X

NRNR þ γ.—This process leads to the final state composed
of a highly energetic photon and a large missing transverse
energy (Emiss

T ). In addition, one could have a few extra
charged leptons or photons that are radiated from either
the initial-state muons or the final-state photon. The
dominant backgrounds for this signal process are the
production of two or four neutrinos in association with a
photon. The production of two neutrinos proceeds via
muon-muon annihilation [μþμ− → Zð→ νν̄Þγ] and the
VBF process [VV → Zð→ νν̄Þγ] with cross sections vary-
ing from 2.98 pb for ffiffiffiffiffiffisμμ

p ¼ 3 TeV to 3.27 pb for ffiffiffiffiffiffisμμ
p ¼

30 TeV. The production of four neutrinos in association
with hard photons has a tiny cross section, with the
maximum being 1.5 fb for ffiffiffiffiffiffisμμ

p ¼ 30 TeV. It is worth
noting from Table III that the signal-to-background ratio
(S=B) for this process varies generally between 10−4

and 0.3 depending on the benchmark point and
the center-of-mass energy. Therefore, the signal signifi-
cance can easily reach five for most of the benchmark

points.11 A detailed analysis of the monophoton signature
has been performed at the parton level by the authors of
Ref. [45], where they pointed out the importance of the
photon energy and photon angle in discriminating between
the signal and the backgrounds.

NRNR þ Zð→ llÞ.—This process leads to a very clean
final state containing two same-flavor opposite-sign
(SFOS) charged leptons from the decay of the Z boson
in association with large missing energy. The dominant
backgrounds are found to be the production of two Z
bosons with one decaying to two charged leptons and the
other decaying invisibly and the production of the two W
bosons both decaying leptonically. The total cross section
for the background processes can be roughly estimated as

σðllþ Emiss
T Þ ≈ 2σðZZÞ × BRðZ → llÞ × BRðZ → ν̄νÞ

þ σðWWÞ × BRðW → lνÞ2: ð37Þ

TABLE III. The total cross sections times the branching ratio (σ × BR) and the expected number of signal events for the NRNR

production in association with γ, Zð→ llÞ, Zð→ qq̄Þ, and HSMð→ bb̄Þ. We consider three representative center-of-mass energies of 3,
10, and 30 TeV. For each process, we show four entries that correspond to the benchmark points considered in this study along with the
associated background contributions (bkgs). Here l refers to either an electron or a muon.

σ × BR (fb) (number of events)

3 TeV 10 TeV 30 TeV

NRNR þ γ BP1 1.11 × 103ð1.11 × 106Þ 1.80 × 102ð1.80 × 106Þ 2.38 × 101ð2.65 × 106Þ
BP2 1.13 × 102ð1.13 × 105Þ 1.88 × 101ð1.88 × 105Þ 2.83 × 100ð2.55 × 105Þ
BP3 1.18 × 101ð1.18 × 103Þ 2.65 × 100ð2.65 × 104Þ 0.41 × 100ð3.69 × 104Þ
BP4 3.92 × 101ð3.95 × 104Þ 3.20 × 101ð3.20 × 105Þ 5.94 × 100ð5.35 × 105Þ
bkgs 3.02 × 103ð3.02 × 106Þ 3.29 × 103ð3.29 × 107Þ 3.36 × 103ð3.02 × 108Þ

NRNR þ Zð→ llÞ BP1 1.68 × 101ð1.68 × 104Þ 4.44 × 100ð4.44 × 104Þ 0.91 × 100ð8.19 × 104Þ
BP2 1.62 × 100ð1.62 × 103Þ 0.46 × 100ð4.58 × 103Þ 9.39 × 10−2ð8.45 × 103Þ
BP3 0.13 × 100ð0.13 × 103Þ 0.58 × 10−1ð0.58 × 103Þ 1.30 × 10−2ð1.17 × 103Þ
BP4 0.28 × 100ð0.28 × 103Þ 0.61 × 100ð0.61 × 104Þ 0.17 × 100ð1.53 × 104Þ
bkgs 2.75 × 101ð2.75 × 104Þ 2.57 × 101ð2.57 × 105Þ 4.69 × 101ð4.22 × 106Þ

NRNR þ Zð→ qq̄Þ BP1 1.59 × 102ð1.59 × 105Þ 4.20 × 101ð4.20 × 105Þ 8.61 × 100ð7.75 × 105Þ
BP2 1.53 × 101ð1.53 × 104Þ 4.33 × 100ð4.33 × 104Þ 0.89 × 100ð8.00 × 104Þ
BP3 1.26 × 100ð1.26 × 103Þ 0.55 × 100ð5.54 × 103Þ 0.12 × 100ð1.11 × 104Þ
BP4 2.67 × 100ð2.67 × 103Þ 5.73 × 100ð5.73 × 104Þ 1.57 × 100ð1.41 × 105Þ
bkgs 4.76 × 102ð4.76 × 105Þ 6.71 × 102ð6.71 × 106Þ 1.01 × 103ð0.91 × 108Þ

NRNR þHSMð→ bb̄Þ BP1 2.05 × 101ð2.05 × 104Þ 1.02 × 100ð1.02 × 104Þ 3.67 × 10−2ð3.30 × 103Þ
BP2 5.83 × 100ð5.83 × 103Þ 0.31 × 100ð0.31 × 104Þ 1.12 × 10−2ð1.01 × 103Þ
BP3 0.47 × 100ð0.47 × 103Þ 0.47 × 10−1ð0.47 × 103Þ 1.81 × 10−3ð1.63 × 102Þ
BP4 0.11 × 100ð0.11 × 103Þ 0.21 × 100ð0.21 × 104Þ 1.47 × 10−2ð1.32 × 103Þ
bkgs 4.76 × 102ð4.76 × 105Þ 6.71 × 102ð6.71 × 106Þ 1.01 × 103ð0.91 × 108Þ

11The signal significance is defined as S=
ffiffiffiffi
B

p
with S as the

number of signal events and B as the number of background
events.
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We note that the background originated from the
production of two W bosons can be significantly reduced
by using the requirement that there are two SFOS leptons
whose invariant mass is close to the Z-boson mass. The
backgrounds can further be reduced by imposing cuts on
the so-called transverse mass mT2 computed from the
dilepton and missing energy system. Given that the missing
transverse energy of the background comes from the decay
of the Z boson, further improvements can be obtained by
optimizing the transverse mass of both the leading and the
subleading lepton with the missing energy defined as mmax

T
and mmin

T ,

mmax
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
plead
T;lp

miss
T ð1 − cosΔϕ1Þ

q
;

mmin
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pslead
T;l pmiss

T ð1 − cosΔϕ2Þ
q

; ð38Þ

where plead
T;l (pslead

T;l ) is the transverse momentum of the
leading (subleading) charged lepton, and Δϕ1ðΔϕ2Þ is the
difference in the azimuthal angle between the leading
(subleading) charged lepton the vector of the transverse

missing momentum. In Table III, we show the cross
sections for the signal and the backgrounds and the
expected number of events for 3, 10, and 30 TeV center-
of-mass energies. We can see that the signal-to-background
ratio is already good12 for most of the benchmark points,
which varies between 10−3 and about 10−1. This makes the
llþ Emiss

T final state one of the most promising channels
to discover dark matter signals at muon colliders.
NRNR þ Zð→ qq̄Þ and NRNR þHSMð→ bb̄Þ.—This

category of channels involves two hadronic jets in asso-
ciation with missing energy. For the case of the Z boson,
the main decay channel is into qq̄; q ¼ u, d, s, c, b with
BRðZ → qq̄Þ ¼ 69.911% [135]. For the SM Higgs boson,
the main decay is into bb̄ with BRðHSM → bb̄Þ ¼ 57%.

TABLE IV. Same as in Table III, but NRNR in association with γγ, γZð→ llÞ, Zð→ llÞZð→ llÞ, Vð→ qq̄ÞVð→ qq̄Þ, and
HSMð→ bb̄ÞHSMð→ bb̄Þ. Here V refers to either W or Z.

σ × BR (fb) (number of events)

3 TeV 10 TeV 30 TeV

NRNR þ γγ BP1 4.97 × 101ð4.97 × 104Þ 1.23 × 101ð1.23 × 105Þ 2.38 × 100ð2.38 × 105Þ
BP2 4.93 × 101ð4.93 × 103Þ 1.28 × 100ð1.28 × 104Þ 0.25 × 100ð2.53 × 104Þ
BP3 0.43 × 100ð0.43 × 103Þ 0.17 × 100ð1.73 × 103Þ 0.36 × 10−1ð3.64 × 103Þ
BP4 1.00 × 100ð1.00 × 103Þ 1.87 × 100ð1.87 × 104Þ 0.48 × 100ð4.85 × 104Þ
bkgs 8.73 × 101ð8.73 × 104Þ 1.04 × 102ð1.04 × 106Þ 1.12 × 102ð1.12 × 107Þ

NRNR þ γZð→ llÞ BP1 1.24 × 100ð1.24 × 103Þ 0.49 × 100ð4.98 × 103Þ 1.29 × 10−1ð1.29 × 104Þ
BP2 1.76 × 100ð1.76 × 103Þ 0.76 × 100ð7.64 × 103Þ 0.20 × 100ð2.02 × 104Þ
BP3 0.12 × 100ð1.23 × 102Þ 9.50 × 10−2ð9.50 × 102Þ 2.80 × 10−2ð2.80 × 103Þ
BP4 0.18 × 100ð1.79 × 102Þ 9.05 × 10−1ð9.05 × 103Þ 3.46 × 10−1ð3.46 × 104Þ
bkgs 1.57 × 100ð1.57 × 103Þ 1.59 × 100ð1.59 × 104Þ 2.97 × 100ð2.67 × 105Þ

NRNR þ Zð→ llÞZð→ llÞ BP1 3.53 × 10−2ð3.53 × 101Þ 2.29 × 10−2ð2.29 × 102Þ 7.21 × 10−3ð7.21 × 102Þ
BP2 0.98 × 100ð9.80 × 102Þ 0.75 × 100ð7.54 × 103Þ 0.24 × 100ð2.42 × 104Þ
BP3 3.23 × 10−2ð3.23 × 101Þ 7.87 × 10−2ð7.87 × 102Þ 3.08 × 10−2ð3.08 × 103Þ
BP4 7.50 × 10−3ð7.50 × 100Þ 0.39 × 100ð3.89 × 103Þ 0.30 × 100ð3.02 × 104Þ
bkgs 1.08 × 10−1ð1.08 × 102Þ 1.39 × 10−1ð1.39 × 103Þ 3.74 × 10−1ð3.36 × 104Þ

NRNR þ Vð→ qq̄ÞVð→ qq̄Þ BP1 1.05 × 101ð1.05 × 104Þ 6.57 × 100ð6.57 × 104Þ 2.02 × 100ð2.02 × 105Þ
BP2 2.76 × 100ð2.76 × 103Þ 2.08 × 100ð2.08 × 104Þ 0.65 × 100ð6.57 × 104Þ
BP3 8.90 × 10−2ð8.90 × 101Þ 2.15 × 10−1ð2.15 × 103Þ 8.30 × 10−2ð8.30 × 103Þ
BP4 1.30 × 10−2ð1.30 × 101Þ 9.74 × 10−1ð9.74 × 103Þ 7.96 × 10−1ð7.96 × 104Þ
bkgs 6.63 × 101ð6.63 × 104Þ 1.71 × 102ð1.71 × 106Þ 3.34 × 102ð3.01 × 107Þ

NRNR þHSMð→ bb̄ÞHSMð→ bb̄Þ BP1 1.21 × 100ð1.21 × 103Þ 1.12 × 100ð1.12 × 104Þ 3.77 × 10−1ð3.77 × 104Þ
BP2 3.95 × 10−1ð3.95 × 102Þ 5.29 × 10−1ð5.29 × 103Þ 1.88 × 10−1ð1.88 × 104Þ
BP3 1.22 × 10−2ð1.22 × 101Þ 5.32 × 10−2ð5.32 × 102Þ 2.36 × 10−2ð2.36 × 103Þ
BP4 1.40 × 10−3ð1.40 × 100Þ 2.49 × 10−1ð2.49 × 103Þ 2.27 × 10−1ð2.27 × 104Þ
bkgs 6.63 × 101ð6.63 × 104Þ 1.71 × 102ð1.71 × 106Þ 3.34 × 102ð3.01 × 107Þ

12Note that this signal-to-background ratio is estimated at the
matrix-element generation level where we do not define any cuts
on the final-state objects. The signal-to-background ratio that we
found for most of the benchmark points and processes simply
implies that a careful analysis would lead to a high potential
discovery of this model at future muon colliders, which we report
for future works.
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The dominant backgrounds to these signal processes come
from qq̄ production in association with two neutrinos,
SM Higgs boson production, tt̄ production with one top
quark decaying leptonically and the other top decaying
hadronically, and WW production where one W-boson
decays leptonically and the other decays hadronically. The
total cross section for the backgrounds can be approxi-
mated by

σðqq̄þ Emiss
T Þ ≈ σðqq̄þ νν̄Þ þ σðWZÞ × BRðZ → νν̄Þ

× BRðW → qq̄Þ þ 2σðtt̄Þ × BRðt → blνÞ
× BRðt → bqq̄Þ; ð39Þ

where σðqq̄þ νν̄Þ includes all the irreducible backgrounds
that consist of the production of HSMZ and ZZ, where one
particle decays invisibly and the other particle decays
hadronically. The last three backgrounds contribute when
the leading charged lepton escapes the detection. Since
both the hadronically decaying Z and Higgs bosons are
accompanied with very large missing energy, their decays
are not always resolved as two well-separated jets, but
rather as fat jets with specific characteristics. We expect
these channels to yield good statistics and the signal-to-
background ratio varies between 10−4 and 10−2. Note that,
for the mono-Higgs channel, the signal-to-background ratio
becomes extremely small at 30 TeV.

2. μ+ μ− → NRNR +XY

NRNR þ γγ.—There is also the possibility to produce a pair
of DM particles in association with two hard photons. The
expected final state would consist of two hard photons in
addition to large missing energy. Contrary to the mono-γ
channel, this process does not have large backgrounds
where its main components are the resonant (via the decay
of the SM Higgs) and nonresonant production of two
photons in association with two neutrinos. The estimated
background is given by

σðγγ þ Emiss
T Þ ≈ σðH þ XÞ × BRðH → γγÞ þ σðγγ þ νν̄Þ:

ð40Þ

The resonant background can be easily suppressed via
suitable requirements on the invariant mass of the diphoton
system, i.e., by removing photons that are within the SM
Higgs mass window. The signal-to-background ratios are
really large for this channel, varying between 10−3 and
10−1 for most of the benchmark points.

NRNR þ γZð→ llÞ.—This is also one of the unique
processes for probing DM at muon colliders. The final
state consists of one hard photon, two charged leptons, and
large missing transverse energy. The associated back-
ground is manageable since it consists of the production

of one photon and two gauge bosons. The total cross
section for the background is given by

σðγllþ Emiss
T Þ ≈ 2σðγZZÞ × BRðZ → νν̄Þ × BRðZ → llÞ

þ σðγWWÞ × BRðW → lνÞ2: ð41Þ

The expected number of signal events is quite large as
well, i.e., of about Oð102–104Þ, while the number of
background events is of similar size.

NRNR þ Zð→ llÞZð→ llÞ.—This is one of the cleanest
final states that can be used to probe DM at muon colliders.
The signature consists of four charged leptons in associ-
ation with missing energy. The corresponding background
is even smaller than for the other signal processes. We note
that enough statistics can only be achieved at ffiffiffiffiffiffisμμ

p ¼ 10,
30 TeV where we expect about Oð102–104Þ events. The
major backgrounds arise from the production of three
gauge bosons or from the production of the SM Higgs
boson decaying into VV�; V ¼ W, Z in association with
one or two gauge bosons. The backgrounds that arose from
the production of the SM Higgs boson are negligibly small
as compared to those coming from triboson production.
The total cross section is given as

σðllllþ Emiss
T Þ ≈ 3σðZZZÞ × BRðZ → llÞ2

× BRðZ → νν̄Þ þ σðWWZÞ
× BRðW → lνÞ2 × BRðZ → llÞ:

ð42Þ

The signal-to-background ratio is found to be ≥ 1 for
BP2 and BP4 at 10 TeV (see Table IV).

NRNR þ Vð→ qq̄ÞVð→ qq̄Þ and NRNR þHSMð→ bb̄Þ×
HSMð→ bb̄Þ.—The production of two gauge bosons or
two SMHiggs bosons in association with DM pairs leads to
either four resolved jets or two fat jets in association with
large missing energy. The dominant backgrounds for these
signal processes consist of the production of two SM
neutrinos in association with two gauge bosons, two SM
Higgs bosons, or one Higgs boson and one gauge boson
decaying hadronically. The cross section for the back-
ground processes is given by

σðqqq̄ q̄þEmiss
T Þ ≈

X
ij

½σðViVjÞ × BRðVi → qq̄Þ

× BRðVj → qq̄Þ� þ 2σðtt̄Þ
× BRðt → bqqÞ × BRðt → bνlÞ; ð43Þ

where the diboson production (ViVj) only contributes in
the VBF mode through charged current with two forward
neutrinos.
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VI. PRODUCTION OF CHARGED SCALARS AT
MUON COLLIDERS

In this section, we discuss the production of charged
scalar pairs at muon colliders. Similar to the production of
DM, charged scalars can be produced either in association
with one SM particle, with two SM particles, or three SM
particles. In addition, we could have the production of
charged scalar pairs with non-SM particles (H�H�) or the
production of four charged scalars. An interesting feature

about the production of charged scalars is the appearance of
at least two leptons in association with missing energy in
addition to the decay products of the SM particles. For
example, the production of charged scalar pairs in associ-
ation with a SM Higgs boson would lead to two hard
charged leptons, missing energy, and two b-tagged jets (or
one fat jet). On the other hand, the charged scalar
production receives contributions from VBF thanks to their
coupling to γ=Z. The results of the production cross
sections for the different processes involving charged

FIG. 8. Production cross section of H�H∓ þ X as a function of the center-of-mass energy ( ffiffiffiffiffiffisμμ
p ) for the benchmark points BP1 (left

upper panel), BP2 (right upper panel), BP3 (left lower panel), and BP4 (right lower panel). For each pane, we show the production cross
section for H�H∓ plus one SM particle, plus two SM particles, and in association with three SM particles.
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scalars as a function of the center-of-mass energy are
shown in Fig. 8. Below, we list the possible production
channels for the charged scalars:
μμ → H�H∓=H�H∓H�H∓.—These processes lead to

signatures of either two charged leptons and missing
transverse energy (MET) or four charged leptons and
MET. Charged scalar pair production proceeds through
either s-channel diagrams with the exchange of γ=Z bosons
or t-channel diagrams with the exchange of the Majorana
DM. The cross section for charged scalar pair production
ranges from about 104 fb to about 101 fb. It is worth noting
that for the benchmark point BP3 has the smallest cross
section due to the tiny mass splitting of about 2 GeV
between the charged scalar and the DM candidate. In all the
cases, the number of events for this process is quite large.
The cross section for charged scalar pair production has a
1= ffiffiffiffiffiffisμμ
p scaling. The cross section for the production of four

charged scalars is smaller as expected due to phase
suppression. It is, however, quite decent as can be seen
in Fig. 8 and ranges from 10−2 to 102 fb depending on the
benchmark scenarios. The most notable signatures are four
muons plus MET (BP1, BP2, BP3) and two muons and two
tau leptons (BP4). These two channels will be studied in
great detail in a future work [136].
μμ → H�H∓ þ X.—In this case, we have three produc-

tion channels: HþH−γ, HþH−Z, and HþH−HSM. There
are three contributions to HþH−γ: s-channel contributions
through γ=Z with the photon being emitted from theHþH−

vertex and t-channel contribution through the exchange of
NR. The final-state signature for this process consists of
two charged leptons in association with one hard photon
(the kinematics is quite different from NRNRγZ produc-
tion). We can see in Fig. 8 that the cross section ranges from
101 to 103 fb depending on the center-of-mass energy and
the benchmark point. Second, we can have the production
of charged scalar pairs in association with one Z boson,
which would lead to very rich signatures: 2lþMET, 2lþ
2 jetsþMET, or 4lþMET. The cross sections for these
processes are shown in Fig. 8 where it is clear that the rates
are quite important from 100 to 102 fb. Finally, the charged
scalar pairs can be produced in association with a SM
Higgs boson. The rates for this interesting channel are also
quite important and range between 100 and 102 fb.
μμ → H�H∓ þ XY.—For this category, we have seven

production channels: HþH−γγ, HþH−γZ, HþH−ZZ,
HþH−WþW−, HþH−HSMHSM, HþH−HSMZ, and
HþH−tt̄. The rates for these channels are quite a bit
smaller, but still at the noticeable level, i.e., from 10−2

to 102 fb depending on the center-of-mass energy and the
benchmark point. It is worth noting that the production of
charged scalar pairs in association with two SM particles
leads to even richer signatures with very small back-
grounds, i.e., six leptons plus MET, four leptons plus four
jets plus MET, and so on.

μμ → H�H∓ þ XYZ.—This is the most complicated
category of processes, where we can have 16 processes
with many more final-state signatures. The rates for these
processes are much smaller with the maximum being
about 3 fb for HþH−γHSMHSM and HþH−γγHSM atffiffiffiffiffiffisμμ
p ¼ 3 TeV.
We close this section with a brief discussion of the

contribution of VBF to the production of charged scalars
in this model. As mentioned earlier, the charged scalar
couples to the photon and the Z boson and therefore may
receive pure gauge VBF contributions to the total production
cross section. In this model, we can have the production of
charged scalars through γγHþH−, γZHþH−, ZZHþH−,
ZZ → HSM → HþH−, and WþW− → γ=Z → HþH− ver-
tices. We take examples of production of HþH−, HþH−γ,
and HþH−HSM and show the corresponding results for the
four benchmark points in Fig. 9. We can see that the cross
sections increase with center-of-mass energy, but do not
go above 2 fb for HþH− in BP2. Therefore, the muon
annihilation channels are the most important in our model
thanks to the Y4

μN dependence of the cross section.

VII. CONCLUSIONS

In this work, we have studied the production of DM and
charged scalars at high-energy muon colliders within the
minimal lepton portal DM model. The model consists of
extending the SM with two SUð2ÞL gauge singlets: a
charged singlet scalar and a neutral right-handed fermion
(or, equivalently, a Majorana fermion). We first discussed in

FIG. 9. The production cross sections for HþH−, HþH−γ, and
HþH−HSM through VBF as a function of the center-of-mass
energy ( ffiffiffiffiffiffisμμ

p ) for BP1 (solid), BP2 (dashed), BP3 (dotted), and
BP4 (dash-dotted).
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detail the phenomenology of the model at the LHC and the
corresponding constraints from direct detection, relic den-
sity measurement, and lepton flavor violating decays of
charged leptons and the SMHiggs boson. Then we selected
a few benchmark points that define some phenomenologi-
cally viable scenarios and which can be tested at future
muon colliders. For these benchmark points, we have
calculated the cross sections for the production of DM
in association with SM particles and of charged scalars of
the models in association with SM particles as a function of
the center-of-mass energy. For DM production in associ-
ation with SM particles, we have studied the total rates of
26 possible channels for the benchmark points considered
in this study. Furthermore, we studied the total number of
events and the associated backgrounds for nine prominent
channels and found that they are very important for the

discovery of DM at muon colliders for masses up to
∼1 TeV. We furthermore analyzed the production of
charged scalar production in association with SM particles
(about 28 channels). The potential discovery for DM
through charged scalar production at muon colliders is
also as interesting as for direct production of DM. Further
investigations of this model at muon colliders are ongoing,
where a full signal-to-background optimization will be
carried out for a number of selected channels.
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