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Abstract: The Galactic Center GeV Excess (GCE) remains a compelling but  enigmatic signal  from the inner re-
gions  of  our  galaxy.  Muonphilic  dark  matter  (DM),  which  couples  exclusively  to  muons  via  a  new  mediator,
provides a viable explanation for the GCE and relic density while naturally evading constraints from direct detection,
collider searches, and other multimessenger observations. Based on the viable nonresonant parameter space identi-
fied in previous global fits, we perform a comprehensive study on the prospects for discovering such muonphilic DM
in the context of a future 3 TeV muon collider, focusing on simplified models with a -even mediator. Four dis-
tinct search strategies are investigated: visible on-shell mediator decays (  final state), invisible on-shell medi-
ator decays (mono-photon plus missing energy), mono-photon production via off-shell mediators, and vector boson
fusion production. Through a detailed signal-background analysis using cut-and-count methods, we project the ex-
clusion limits at % confidence level for seven representative models across a wide range of mediator masses. Our
results demonstrate that the projected limits cover a significant portion of viable parameter space that explains the
GCE, establishing a muon collider as a decisive machine for testing the muonphilic DM hypothesis.
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I.  INTRODUCTION
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Dark  matter  (DM)  is  a  nonluminous  form  of  matter
that does not interact electromagnetically, yet its gravita-
tional influence profoundly shapes the dynamics of galax-
ies  and  large-scale  structures  in  the  universe  [1, 2].  As
one of the most compelling pieces of evidence for phys-
ics  beyond  the  Standard  Model  (SM),  the  existence  of
DM remains a major challenge to modern physics [3, 4].
Although DM constitutes approximately % of the total
mass-energy content of the universe, compared to merely

% from ordinary baryonic matter, its particle nature re-
mains entirely unknown [5−9].  Long-standing anomalies
in  indirect  DM  detection,  such  as  the  Galactic  Center
GeV Excess  (GCE)  [10−12],  antiproton  excess  [13−15],
and the 511 keV [16−18] and 3.5 keV [10, 19] lines, have
motivated extensive  efforts  to  uncover  potential  connec-
tions to DM physics.

Among these indirect detection signals, the GCE, first
identified by the Fermi-LAT satellite in 2009 [20−23], re-

bb̄

mains one of the most persistent and challenging puzzles
in  high-energy  astrophysics  and  particle  physics.  This
signal exhibits a significant gamma-ray excess in the 1–3
GeV range from the galactic center, with a spatial distri-
bution  consistent  with  the  predicted  Navarro–Frenk–
White density profile of DM [24]. Its spectral shape also
closely  resembles  expectations  from  weakly  interacting
massive  particle  (WIMP)  annihilation  channels,  such  as

 [21, 22].  However,  secondary  particles  (e.g.,  hadrons
or electrons) produced in such annihilations would gener-
ate observable signals at other wavelengths (e.g., radio or
X-rays),  although  current  multiwavelength  observations
have not yet confirmed such counterparts [25, 26].

Various  DM  models  have  been  proposed  to  explain
the  GCE  [27−42].  In  recent  years,  muonphilic  DM  has
emerged as  a  promising  candidate  owing  to  its  consist-
ency  with  multimessenger  observational  constraints  [12,
40].  Conventional  WIMP  models,  which  remain  leading
explanations, involve annihilation into SM particles (e.g.,
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bb̄ τ+τ− W+W−, ,  or ),  producing  gamma rays  via  inverse
Compton scattering or hadronization processes. However,
such  models  face  tensions  with  antiproton  and  positron
spectra from AMS-02 [43, 44] and direct detection limits
from experiments such as PandaX [45].

µ+µ−

µ+µ−

bb̄ µ+µ−

To  resolve  these  tensions,  muonphilic  DM  models
have been proposed, which posit that DM couples exclus-
ively  to  muon  pairs  ( ) via  a  mediator,  with  negli-
gible  interactions  with  other  SM  particles  [40, 46−61].
This  feature  avoids  hadronic  or  electronic  secondary
emission,  offering  a  consistent  explanation  for  the  GCE
without  conflicting  with  other  observational  data.  When
DM particles annihilate into  or produce four muons
via  decays from a pair  of  mediators,  final-state  radiation
(FSR)  photons  are  generated  predominantly  in  the  1–5
GeV range.  The  resulting  spectrum  exhibits  a  pro-
nounced peak-like feature that  aligns well  with the GCE
observed  by  Fermi-LAT  [12, 40].  Compared  with  other
channels  (e.g., ),  the  final  state  yields  a  harder
FSR spectrum with a steeper rise and sharper peak at ap-
proximately 1–3 GeV, making it ideal for reproducing the
GCE  spectral  morphology  [62, 63].  Furthermore,  since
the  model  couples  only  to  muons,  it  avoids  detectable
synchrotron radiation from electrons/positrons or hadron-
ic  emission  to  evade  constraints  from  radio  (e.g.,
WMAP/Planck  synchrotron  limits)  and  X-ray  (e.g.,
Chandra inverse Compton bounds) observations [64−66].
This enables  muonphilic  DM  models  to  resolve  persist-
ent  multimessenger  tensions  that  challenge  conventional
DM scenarios.
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In  muonphilic  DM  models,  DM  couples  exclusively
to muons via a mediator, such as a dark photon or scalar
boson,  making  it  challenging  to  probe  at  conventional
colliders like the Large Hadron Collider (LHC) and Large
Electron-Positron Collider (LEP) as well  as direct detec-
tion experiments,  which consequently impose weak con-
straints. However, owing to the muon’s mass (approxim-
ately  times that of the electron) and its absence from
strong  interactions,  a  high-energy  muon  collider  (at  the
TeV scale)  offers  superior  energy resolution and cleaner
backgrounds compared to hadron colliders (e.g., LHC) or
electron-positron colliders (e.g., CEPC/FCC-ee) [67−69].
Thus,  high-energy  muon  colliders  represent  a  promising
avenue for directly probing muonphilic DM1).

µ+µ−→ γ+MED MED→ µ+µ−

µ+µ−→ γ+MED MED→ χχ

µ+µ−→ γ+χχ

In this study, we investigate the following signal pro-
cesses  at  a  muon  collider:  (1)  visible  on-shell  mediator
decays:  with , where MED
denotes the mediator; (2) mono-photon with on-shell me-
diators:  with , where the DM
particles (χ)  yield missing energy and the photon energy
distribution  exhibits  a  peak-like  structure;  (3)  mono-
photon  with  off-shell  mediators: , produ-

µ+µ−→ νµν̄µµ
+µ−

MED→ µ+µ−/χχ

cing photon and missing energy signatures similar to SM
backgrounds, thereby complicating signal extraction; and
(4)  vector  boson  fusion  production: 
MED  with .  Using  these  search
strategies,  a  muon  collider  can  directly  test  whether
muonphilic  DM  models  resolve  the  longstanding  GCE,
precisely  measure  the  DM-muon  coupling  strength  and
mediator  mass,  and  complement  the  limitations  of  LHC
searches  and  direct  detection  experiments.  Combined
with  astrophysical  observations  from Fermi-LAT,  AMS-
02, and others, muon collider searches enable cross-valid-
ation of potential DM-induced astrophysical signals.

The  remainder  of  this  paper  is  organized  as  follows.
Section  II  briefly  reviews  simplified  muonphilic  DM
models ,and their  key parameter  space.  Based on the  al-
lowed parameter  space  of  muonphilic  DM  models,  Sec-
tion  III  proposes  four  search  strategies  and  provides  a
state-of-the-art signal-background analysis.  The resulting
projected exclusion limits  for  muonphilic  DM models  at
muon colliders are presented and discussed in Section IV,
while  Section  V  concludes.  Collider  constraints  from
LEP and  LHC on  muonphilic  DM models  are  discussed
in Appendix A. 

Z2

II.  SIMPLIFIED MUONPHILIC DM MODELS
WITH THE -EVEN MEDIATOR

 

A.    The models

Z2

Z2

Z2

g−2 δaµ

For  simplified  muonphilic  DM  models  consisting  of
an  SM  singlet  DM  particle  and  a  mediator  (MED),  our
previous  work  [40] systematically  introduced  all  renor-
malizable  interaction  types:  16  in  the -even  mediator
framework  and  7  in  the -odd  mediator  framework.
These models are constructed from different spin and in-
teraction  combinations  of  DM  and  MED  particles,  with
DM stability ensured by the  symmetry. Using a likeli-
hood  function  incorporating  experimental  observations,
including  the  Fermi-LAT  GCE  [63],  Plank  DM  relic
density [74], PandaX-4T direct detection limits [75], LEP
collider  bounds  [76],  and  muon  anomaly  [77],
we performed a global analysis of all 23 interaction types
to exclude  parameter  spaces  inconsistent  with  observa-
tional data.

Z2

Z2

0 1

Z2

In -even  mediator  models,  interactions  between
DM pairs and SM muon pairs are mediated by a -even
SM singlet  mediator  with  spin  or .  Such  muonphilic
DM  models  naturally  evade  LEP  and  LHC  constraints
from  mono-photon  and  monojet  searches  [78, 79],  thus
allowing  for  the  existence  of  DM  at  the  electroweak
scale. Based on the spin and interaction types of DM and
MED, the 16 -even interactions can be categorized in-
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1) While several proposals exist  to test DM models relevant to the GCE at colliders (see Refs.  [28−32, 37, 70−73]), to the best of our knowledge, none have ex-
plored muonphilic DM models motivated by the GCE in the context of a muon collider, as investigated in this work.
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Xµ

mD

mD < M
2µ mD > M

→
4µ

to three major classes: (1) fermionic DM (χ) models, (2)
scalar  DM  (S)  models,  and  (3)  vector  DM  ( )  models.
When the DM mass ( )  is  less than the mediator mass
(M), ,  the  observed  relic  density  can  only  be
achieved through the  final state. For , the pro-
cess DM+DM  MED+MED becomes kinematically ac-
cessible, producing a  final state. However, explaining
the GCE in this case requires a significantly larger anni-
hilation  cross-section  that  typically  conflicts  with  relic
density constraints.

Z2

M ≈ 2mD

L3 L9 L13

⟨σv⟩ ≈ 3×10−26 cm3/s
⟨σv⟩ ≈ 4×10−26 cm3/s

ΓMED
g−2 δaµ ≈ 2.51×10−9

σSI ∼ 10−48 cm2

-even mediator models benefit from their ability to
modulate  early-time  and  present-day  DM  annihilation
rates through an s-channel resonance enhancement mech-
anism  ( ), preserving  the  relic  density  while  en-
hancing  the  GCE  signal.  For  example,  scalar  mediator
models ( , ,  and ) can simultaneously satisfy the
relic  density  ( )  [74] and  GCE  sig-
nal  ( )  [63]  requirements  by  tuning
the  mediator  decay  width  while  explaining  the
muon  anomaly  ( )  [77].  Moreover,
the  DM-nucleon  scattering  cross-sections  are  suppressed
to  owing  to  two-loop  processes,  evading
current direct detection limits.

Z2

2µ
Z2

M > 103.5 GeV

gD > 1

σSI > 10−46 cm2

Z2

L23 gDψ̄γ
µPRµX†µ M > 300 GeV

gD > 1.5

Z2

Z2

In contrast, -odd mediator models feature t-channel
dominated DM annihilation. Since the mediator mass al-
ways  exceeds  the  DM  mass,  the  only  accessible  final
state is , precluding the resonant enhancement mechan-
ism  available -even  mediator  models.  This  makes  it
challenging  to  simultaneously  explain  the  GCE and  DM
relic  abundance.  In  addition,  the  electrically  charged
nature  of  the  mediator  subjects  it  to  LEP  mass  limits
( )  [76], significantly  constraining  the  vi-
able parameter space [40]. Satisfying the relic density re-
quirement  necessitates  strong  couplings  ( ),  which
typically  cause  DM-nucleon  scattering  cross-sections  to
exceed  current  limits  ( )  [75].  In  the  end,
the only -odd mediator model that marginally survives
under  thermal  DM  production  is  the  vector  DM  model

 ( );  however,  it  requires 
and  to  achieve  the  observed  DM  relic  density.
The  parameter  space  is  readily  testable  by  LHC  Run-3
data. Consequently, -odd mediator models do not pos-
sess  a  viable  parameter  space  under  current  GCE,  relic
density,  and  direct  detection  constraints,  while -even
mediator  models  retain  viable  regions  in  both  resonance
and nonresonance regimes.

Z2

3

This study focuses on -even mediator models.  The
notations for relevant DM and MED candidates with vari-
ous spin assignments are summarized in Table 1. We spe-
cifically explore the nonresonance regions of these muon-
philic DM models in  TeV muon colliders [67]. The res-
onance  regions  are  highly  fine-tuned  and  sensitive  to
slight  parameter  variations  within  narrow  parameter

L3 L4 L8 L9 L10

L13 L14

gD MDϕ

g f

spaces, requiring specialized analysis that we defer to fu-
ture work. Based on Table II and Fig. 3 of Ref. [40], we
selected  simplified  DM  models  ( , , , , ,

,  and )  with  nonresonant  parameter  regions,  as
shown in Table  2.  Here,  and  are relevant  coup-
lings  between  the  mediator  and  a  pair  of  DM  particles
that are dimensionless and one-dimensional, respectively.
Similarly,  is  the  dimensionless  coupling  between  the
mediator  and  a  pair  of  muons.  Detailed  expressions  for
DM  annihilation  and  DM-nucleon  scattering  cross-sec-
tions are provided in our previous work [40]. 

B.    The predicted parameter space

L3 L4 L8 L9 L10 L13

L14

M > 2mD M < 2mD

M > 2mD

M < 2mD

M/mD

According to global fits in Ref. [40], only the simpli-
fied  muonphilic  DM models, , , , , , ,
and , exhibit  allowed  parameter  space  outside  reson-
ance  regions1). The  parameter  space  can  be  further  di-
vided  into  two  scenarios:  and .  For

,  on-shell  mediator  production  is  possible  at
muon colliders  if  kinematically accessible.  The mediator
may subsequently decay into either a DM particle pair or
a muon pair,  depending  on  the  branching  ratios.  In  con-
trast,  for ,  the  mediator  decays  exclusively  to
muon pairs.  DM particle  pairs  can only be  produced via
off-shell mediators, making their detection more challen-
ging  and  strongly  dependent  on  the  ratio .  We
therefore present this ratio for the relevant DM models in
Fig.  1,  based on results  from Ref.  [40].  We observe that

 

Table 1.    The dark matter and mediator notations used in this
work.

Scalar Fermion Vector

Dark Matter S χ Xµ

Mediator ϕ ψ Vµ

 

Z2 gD MDϕ

g f

Table 2.    The Lagrangian of relevant dark matter simplified
models  in  the -even  mediator  scenario.  Here,  and 
are relevant couplings between the mediator and a pair of DM
particles  with  dimensionless  and  dimension-1,  respectively.
Similarly,  is the dimensionless coupling between the medi-
ator and a pair of muons.

Types Lagrangian

χ and ϕ
L3 = (gDχ̄iγ5χ+g f f̄ f )ϕ

L4 = (gDχ̄iγ5χ+g f f̄ iγ5 f )ϕ

Vµχ and L8 = (gDχ̄γ
µχ+g f f̄γµγ5 f )Vµ

S and ϕ
L9 = (MDϕS †S +g f f̄ f )ϕ

L10 = (MDϕS †S +g f f̄ iγ5 f )ϕ

Xµ  and ϕ
L13 = (MDϕXµX†µ +g f f̄ f )ϕ

L14 = (MDϕXµX†µ +g f f̄ iγ5 f )ϕ

Exploring muonphilic dark matter with the Z2-even mediator at muon colliders Chin. Phys. C 50, 063106 (2026)

L61) Here we do not consider the  case, as it only permits very light mediators outside the resonance region.
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L9 L10

M/mD = 1.9 L3 L4 L8

M/mD = 1.5 L13 L14

M/mD = 1.1

only  models  and  feature  parameter  space  near
. The parameter spaces of , , and  ap-

proach  the  ratio ,  while  and  exhibit
relatively small regions near .

M/mD≪ 1

MED→ µ+µ−

MED→ e+e−,γγ,νν̄

M > 2mµ

Lµ−Lτ

Note  that  for  a  very  light  mediator  ( ),
fixed-target experiments are generally more efficient than
muon  colliders  in  searching  for  its  visible  on-shell de-
cays. In this regime, aside from  at  the tree
level,  other  decay  channels  such  as 
arise at  loop level and depend on UV-completion details
that lie beyond the scope of this work. Therefore, we re-
strict our discussion to mediator masses , ensur-
ing that  the  decay  into  a  muon  pair  is  kinematically  al-
lowed. Such light mediators can be searched for at BaBar
and  Belle  II  experiments  [80, 81].  The  NA64μ experi-
ment  is  also sensitive to  light  muonphilic  mediators  [82,
83]; however, it primarily targets missing-momentum sig-
natures  from invisible  decays,  treating  muon  final  states
as  backgrounds  to  be  suppressed  by  veto  systems  [84].
Although  NA64μ has  set  constraints  on  muonphilic  DM
in the  model framework—retaining a unique sens-
itivity to invisible decays, where the mediator decays pre-
dominantly to DM pairs or neutrinos—the scenario stud-
ied here does not fall into that category. Instead, our work
provides  a  complementary  probe  at  future  high-energy
muon colliders.

This study focuses on three distinct types of searches
for muonphilic DM models at muon colliders.
 

● Visible on-shell mediator decays

µ+µ−→ γ,
MED→ γ(µ+µ−)

g f

The  mediator  is  produced  on-shell  at  muon  colliders
and  subsequently  decays  to  a  muon  pair: 

.  The  production  cross-section  depends
only on : 

σ(µ+µ−→ γ,MED) ∝ g2
f , (1)

B(MED→ µ+µ−)
g f gD mD

while  the  branching  ratio  is  a  function
of , , and .
 

● Invisible on-shell mediator decays

M > 2mD mD < 100 GeV
gD ·g f ≳ 10−2 L3 L4

L8 MDϕ ·g f ≳ 10−4 TeV L9 L10 L13

L14

We  consider  the  mono-photon signature  in  the  re-
gime where  with , and where the
couplings  satisfy  for  models , ,  and

,  or  for  models , , ,  and
.

 
● Mono-photon with off-shell mediators

1.1mD ≲
M ≲ 1.9mD mD < 100 GeV

gD ·g f ≳ 10−2 L3 L4 L8 MDϕ ·g f ≳
10−4 TeV L9 L10 L13 L14

We  study  the  parameter  region  where 
 with , and  with  coupling  con-

straints  for , ,  and ,  and 
 for , , , and . 

III.  MUONPHILIC DM SEARCH STRATEGIES
AT MUON COLLIDERS

FeynRules

MadGraph5_aMC NLO

Pythia8
Delphes3

Based on the structure of the parameter space, we de-
velop  four  distinct  search  strategies  for  muonphilic  DM
models  at  muon  colliders:  visible  on-shell mediator  de-
cays  (Section  III.A),  invisible  on-shell  mediator  decays
(Section  III.B),  mono-photon  signatures  with  off-shell
mediators (Section  III.C),  and  vector  boson  fusion  pro-
duction (Section III.D).  In the following subsections,  we
employ the following computational pipeline: 
[85] generates  UFO model  files  for  the  Lagrangians  lis-
ted  in Table  2; @  [86]  produces
Monte Carlo events for signal and background hard pro-
cesses;  [87] handles parton showering and had-
ronization; and  [88] with a muon collider tem-
plate performs fast detector simulation. We have also per-
formed a  simplified  analysis  of  collider  constraints  from
the  LEP  and  LHC,  with  the  corresponding  details
provided in Appendix A. These constraints, however, are

 

M < 2mD

L3 L4 L8 L9 L10 L13 L14

M/mD = 1.1 M/mD = 1.5 M/mD = 1.9

Fig. 1.    (color online) Parameter space for relevant simplified muonphilic DM models with , based on Ref. [40].The left pan-
el depicts ,  and , while the right panel covers , ,  and . For comparison, three benchmark ratios of the mediator to
DM mass are displayed:  (black-solid),  (blue-dashed), and  (red-dotted).
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considerably  weaker  than  those  obtained  in  future  muon
colliders, which are the primary focus of this work. 

A.    Visible on-shell mediator decays

L3,L4,L8,L9,L10,L13 L14

µ+µ−→ γMED MED→ µ+µ−

L3,L9,L13

L4,L10,L14 L8

M < 1.5 TeV
L9 L10

3

Figure 3 in Ref. [40] indicates that allowed parameter
spaces  exist  outside  resonance  regions  for  models

,  and . However,  when  consid-
ering on-shell mediator production through the visible de-
cay  channel  followed  by ,
only  three  interaction  types  for  the  mediators  and  a  pair
of  muons  emerge:  scalar  ( ),  pseudoscalar
( ),  and  axial-vector  ( ).  For  the  proposed  3
TeV  muon  collider,  we  focus  on  mediator  masses

,  covering  all  upper  bounds  of  mediator
masses in these models except  and , where M may
reach  TeV.  Our  search  strategies  remain  extensible  to
heavier mediators for higher-energy muon colliders.

L3 L8

M > 2mD

MED→ µ+µ−

M/mD = 2.5

MED→ µ+µ− 99

M = 50 M = 500
M = 900 M = 1300
L3

g f = 0.08 gD = 0.01
gD/g f = 1/8 L8

g f = 0.09
gD = 0.01

gD/g f = 1/9 µ+µ−→
γMED MED→ µ+µ−

µ+µ−→ µ+µ−γ

In  this  subsection,  we  demonstrate  our  methodology
using  the  and  models,  presenting  benchmark
points (BPs), kinematic distributions, and event selection
criteria. The analysis for other models is presented in Sec.
IV.  Note  that  for , kinematically  allowed invis-
ible  mediator  decays  lead  to  model-dependent  variations
in  the  branching  ratios.  Therefore,  we  set
the  mass  ratio  and fix  the  coupling constant
ratio for each model, thereby ensuring that the branching
ratio  of  is  no  less  than %. Four  bench-
mark  mediator  masses  are  considered  in  this  study:  (1)
Signal-1:  GeV;  (2)  Signal-2:  GeV;  (3)
Signal-3:  GeV;  (4)  Signal-4:  GeV.
For  the  model,  the  benchmark  coupling  parameters
are  set  to  and ,  corresponding  to  a
coupling constant ratio of . For the  model,
the  benchmark  coupling  parameters  are  set  to 
and ,  with  the  corresponding  coupling  constant
ratio  being .  For  the  signal  process 

 with , the  irreducible  SM  back-
ground  process  is 1).  The  corresponding
production  cross-sections  for  the  four  BPs  and  the  SM
background are listed in the second row of Tables 3 and
4.  Representative  kinematic  distributions  for  signal  and
background processes are shown in Fig. 2.

E(γ) 50

η(γ)

η(γ)

We find  that  the  peak  of  the  background  photon  en-
ergy  appears at  GeV, while the peaks for the four
signal BPs occur at higher energies and decrease with in-
creasing mediator mass, as shown in the top-left panel of
Fig.  2.  The  photon  pseudorapidity  for the  back-
ground  and  the  light  mediator  case  (signal-1)  displays  a
pronounced  forward-backward  distribution.  However,
this behavior does not appear for heavier mediators,  res-
ulting  in  a  flatter  distribution  (top-right  panel).  A
similar forward-backward distribution is also observed in

η(µ±)

pT (µ−) 350

pT (µ−)
∆R(µ+µ−)

∆R(µ+µ−)

∆R(µ+µ−)

M(µ+µ−)

the  variable  for  both  the  background  and  signal-1
(middle-left panel).  The  transverse  momentum  distribu-
tion  peaks  at  approximately  GeV  for  the
background. For the signal processes, a heavier mediator
leads  to  a  harder  spectrum  (middle-right  panel).
The  opening  angle  distribution  provides  a  key
distinction: a light mediator (signal-1) is produced with a
large boost, leading to a smaller  compared with
the  background.  The  background  exhibits  a  significantly
larger  than all four signal BPs (bottom-left pan-
el).  Finally,  the  dimuon  invariant  mass  distributions

 for the signals peak at their respective mediator
masses,  while  the  background  distribution  is  broad  and
featureless (bottom-right panel).

Based on  the  above  analysis  of  kinematic  distribu-
tions, the following event selection criteria for signal and
background events are adopted:
 

N(γ), N(µ+), N(µ−) > 0
E(γ), pT (µ±) >

20 GeV |η(γ)|, |η(µ±)| < 2.5

●  Cut-1  (basic  cuts): ,  with
leading photon, a pair of muons satisfying 

, and ;
 

E(γ) > 150 GeV |η(γ)| < 1.8● Cut-2: , and ;
 

pT (µ±) > 150 GeV |η(µ±)| < 1.6● Cut-3: , and ;
 

∆R(µ+µ−) < 3.0● Cut-4: ;
 

|M(µ+µ−)−M| < 0.15M● Cut-5: .
 

L3 L8

O(10−3)
19 40

After  applying  these  selection  criteria,  the  signal  and
background  efficiencies  are  calculated. Tables  3 and 4
summarize  the  selection  efficiencies  for  the  four  BPs  in
the  and  models, respectively.  The  final  back-
ground efficiency is suppressed to , while the sig-
nal  efficiencies  remain  above % and  can  exceed %
for larger mediator masses. 

B.    Invisible on-shell mediator decays

M > 2mD mD < 100 GeV
L9 L10

3 TeV L3

L4 L8 L13 L14

1.5 TeV 3 TeV

M ≲ 1.5 TeV
L3 L9

L13 L4 L10

L14 L8

The  global  fitting  results  from  Fig.  3  of  Ref.  [40]
show  with .  With  the  exception
of models  and , where the mediator masses M can
reach  the  upper  bounds  of ,  all  other  models  ( ,

, , ,  and )  exhibit  upper bounds of M below
. Given our focus on the  muon collider pro-

posal,  we  restrict  our  study  to  mediator  masses
.  Notably,  on-shell  mediator  production  via

muon pairs occurs through scalar-type couplings ( , ,
and ),  pseudoscalar-type  couplings  ( , ,  and

),  or  axial  vector-type  couplings  ( ).  However,
branching ratios for mediator decays to DM particle pairs
vary  across  models  owing  to  their  distinct  interaction

Exploring muonphilic dark matter with the Z2-even mediator at muon colliders Chin. Phys. C 50, 063106 (2026)
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However, these backgrounds have negligible impact on the final exclusion results, and their contributions can be safely neglected.
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types.

L3

M = 50
M = 500 M = 900
M = 1300

M/mD = 2.5 gD = 0.15
g f = 0.01

µ+µ−→ ϕγ

ϕ→ χχ̄

µ+µ−→ νν̄γ

To  demonstrate  our  search  methodology,  we  use  the
 model  as  a  representative  example,  presenting  BPs,

kinematic  distributions,  and  event  selection  criteria.  The
analysis is subsequently extended to other models. We se-
lect  four  mediator  masses:  Signal-1  (  GeV), sig-
nal-2  (  GeV),  signal-3  (  GeV), and  sig-
nal-4  (  GeV),  with  a  fixed  mediator-to-DM
mass  ratio ,  and  choose  and

 as our  benchmark  couplings.  The  signal  pro-
cess is , followed by the on-shell mediator de-
cay  to  a  pair  of  DM  particles  ( ).  The  irreducible
SM background process is 1). The correspond-
ing  production  cross-sections  for  the  four  BPs  and  the
SM background are  listed in  the second row of Table  5.
The  representative  kinematic  distributions  for  signal  and
background processes are shown in Fig. 3.

E(γ)
E(γ)

For on-shell  mediator production with an initial  state
radiation  photon,  the  photon  energy  exhibits  a
monochromatic  peak,  while  the  background  distri-

/ET

/E
E(γ)

PT (γ)//E

bution decreases smoothly, as shown in the top-left panel
of Fig. 3. The transverse missing energy  is more ener-
getic  for  signals  than  for  background  (top-right  panel).
Conversely,  the missing energy  distribution shows the
opposite trend to  distribution (bottom-left panel). Fi-
nally, since  the  photon  transverse  momentum  and  miss-
ing energy  distributions  differ  significantly  between  sig-
nals  and background,  we examine  the  ratio  dis-
tribution (bottom-right panel) to enhance discrimination.

Based on  these  kinematic  distributions,  we  imple-
ment the  following  event  selections  to  signal  and  back-
ground events:
 

N(γ) > 0
E(γ) > 100GeV |η(γ)| < 2.5

/ET > 40GeV

●  Cut-1  (basic  cuts): ,  with  the  leading
photon  satisfying  and ,  plus

;
 

E(γ) > 1200GeV● Cut-2: ;
 

PT (γ)//E > 0.4● Cut-3: ;

 

L3

M = 50 M = 500 M = 900

M = 1300

Table 3.    Cut-flow table for visible on-shell mediator decays of the  model and its relevant background with cumulative efficien-
cies from Cut-1 to Cut-5. The four benchmark points are signal-1 (  GeV), signal-2 (  GeV), signal-3 (  GeV), and
signal-4 (  GeV).

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 179 3.628 4.935 5.471 6.366

Cut-1 N(γ),N(µ+),N(µ−) > 0 E(γ), pT (µ±) > 20GeV |η(γ)|, |η(µ±)| < 2.5, , 0.82 0.78 0.85 0.84 0.83

Cut-2 E(γ) > 150GeV |η(γ)| < 1.8, 0.19 0.54 0.65 0.62 0.61

Cut-3 pT (µ±) > 150GeV |η(µ±)| < 1.6, 0.08 0.41 0.53 0.51 0.51

Cut-4 ∆R(µ+µ−) < 3.0 0.01 0.24 0.40 0.46 0.45

Cut-5 |M(µ+µ−)−M| < 0.15M

2×10−5 0.23 / / /

3.7×10−4 / 0.38 / /

1.34×10−3 / / 0.44 /

2.15×10−3 / / / 0.45

 

L8Table 4.    Similar to Table 3, but for the  model.

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 179 7.99 10.08 11.43 13.89

Cut-1 N(γ),N(µ+),N(µ−) > 0 E(γ), pT (µ±) > 20GeV |η(γ)|, |η(µ±)| < 2.5, , 0.82 0.77 0.85 0.84 0.83

Cut-2 E(γ) > 150GeV |η(γ)| < 1.8, 0.19 0.53 0.60 0.59 0.58

Cut-3 pT (µ±) > 150GeV |η(µ±)| < 1.6, 0.08 0.40 0.47 0.46 0.48

Cut-4 ∆R(µ+µ−) < 3.0 0.01 0.20 0.32 0.40 0.41

Cut-5 |M(µ+µ−)−M| < 0.15M

2×10−5 0.19 / / /

3.7×10−4 / 0.31 / /

1.34×10−3 / / 0.39 /

2.15×10−3 / / / 0.40

Wanyun Chen, Haoqi Li, Chih-Ting Lu et al. Chin. Phys. C 50, 063106 (2026)

µ+µ−→ νµν̄µγZ Z→ νℓ ν̄ℓ1) Similarly, we have considered the relevant VBF process , with , but its contribution is highly suppressed and can be neglected in this
analysis.
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MT > 1600

/ET

● Cut-4:  GeV, where the transverse mass
for the mono-photon plus  is defined as
 

MT =
√

2PT (γ) · /ET · (1− cos∆ϕ), (2)

∆ϕwith  being  the  azimuthal  angle  between  the  leading

/ETphoton and .
MT

L3

L4

L3

L8

gD = 1.2 g f = 0.1 L8

The  final  selection  is  used  to  further  distinguish
signal  and  background  events. Table  5 summarizes  the
selection efficiencies for four signal BPs in the  model
and background.  Because the efficiency table  for  the 
model  closely  resembles  that  of  the  model,  we show
only the  model  in Table  6.  We adopt  the  benchmark
couplings of  and  in the  model.
 

 

L3

E(γ) η(γ) µ− η(µ−) µ− pT (µ−)

∆R M(µ+µ−) M = 50
M = 500 M = 900 M = 1300

Fig. 2.    (color online) Visible on-shell  mediator decays of the  model. Representative kinematic distributions include photon en-
ergy  (top-left),  photon  pseudorapidity  (top-right),  pseudorapidity  (middle-left),  transverse  momentum 
(middle-right),  of a muon pair (bottom-left), and invariant mass  of a muon pair (bottom-right) for signal-1 (  GeV,
blue-dotted  line),  signal-2  (  GeV,  green-dotted  line),  signal-3  (  GeV,  black-dotted  line),  signal-4  (  GeV,
purple-dotted line), and the background (red-solid line).

Exploring muonphilic dark matter with the Z2-even mediator at muon colliders Chin. Phys. C 50, 063106 (2026)
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C.    Mono-photon signature with off-shell mediator
M < 2mD

L3,L4,L8,L9,L10,L13,L14

In  regions  of  parameter  space  where  for
models ,  visible on-shell medi-
ator decays provide optimal search sensitivity.  However,
when  couplings  to  DM  particles  significantly  exceed
those  to  muon  pairs,  mono-photon  signatures  with  off-
shell mediators  offer  complementary  probes.  We  there-
fore investigate this situation through the off-shell medi-

mD < 100 GeV
M/mD = {1.1,

1.5,1.9}
L3

L9 L13

ator  mono-photon  channel.  DM  masses  are  constrainted
to  from global fitting results [40]. We con-
sider  three  mediator-to-DM  mass  ratios: 

 as mentioned in Section II.B. To demonstrate our
methodology,  we select  three representative models: ,

,  and , presenting  their  BPs,  kinematic  distribu-
tions,  and  event  selection  criteria  before  generalizing  to
other models in Section IV.

mD = 20We  select  two  representative  DM  masses, 

 

M/mD = 2.5 L3

M = 50 M = 500
M = 900 M = 1300

Table 5.    Cut-flow table for the invisible on-shell mediator decay scenario ( ) of the  model and its relevant background
with cumulative efficiencies from Cut-1 to Cut-4. The four benchmark points are signal-1 (  GeV), signal-2 (  GeV), sig-
nal-3 (  GeV), and signal-4 (  GeV).

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 2980 8.21×10−2 8.46×10−2 9.10×10−2 0.10

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.91 0.91 0.91 0.91

/ET > 40GeV 0.30 0.91 0.91 0.91 0.91

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.91 0.91 0.91 0.83

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.57 0.56 0.51 0.38

Cut-4 MT > 1600GeV 1.0×10−3 0.45 0.45 0.42 0.32

 

M/mD = 2.5 L3

E(γ) /ET /E

PT (γ)//E M = 50 M = 500 M = 900
M = 1300

Fig. 3.    (color online) In the invisible on-shell mediator decay scenario ( ) of the  model, representative kinematic distri-
butions include photon energy  (top-left), missing transverse energy  (top-right), missing energy  (bottom-left), and the ratio of

 (bottom-right) for signal-1 (  GeV, blue-dotted line), signal-2 (  GeV, green-dotted line), signal-3 (  GeV,
black-dotted line), signal-4 (  GeV, purple-dotted line), and background (red-solid line).

Wanyun Chen, Haoqi Li, Chih-Ting Lu et al. Chin. Phys. C 50, 063106 (2026)
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100
M/mD = 1.1

M/mD = 1.5 M/mD = 1.9
gD = 0.5 g f = 0.1

L3 MDϕ = 100 g f = 0.1 L9

MDϕ = 10 g f = 0.1 L13

L3

µ+µ−→ χχ̄γ

µ+µ−→ νν̄γ

and  GeV,  with  three  benchmark  mediator-to-DM
mass  ratio:  (1)  Signal-1: ;  (2)  Signal-2:

; and (3) Signal-3:  for each scen-
ario.  The benchmark couplings are ,  for
the  model;  GeV,  for the  mod-
el;  and  GeV,  for  the  model. Tak-
ing  the  model  as  an  example,  the  signal  process  is

 via off-shell mediator ϕ, with irreducible SM
background process . The corresponding pro-
duction  cross-sections  are  listed  in  the  second  row  of
Tables 7−12 for the respective models and masses, while
kinematic distributions appear in Figs. 4−9.

E(γ) /ET /E

Owing  to  off-shell  mediator  production,  significant
overlaps  may  occur  between  the  signal  and  background
distributions  in , ,  and ,  compared  with  the  on-

L9

L13

PT (γ)//E MT

L13

L9

L13

M/mD mD

100

shell case in Section III B. However, the  model shows
obviously less overlap than the  model. Nevertheless,
the  ratio  and  distributions (defined  in  Sec-
tion III.B)  remain effective discriminators  except  for  the

 model. Applying  the  same  event  selections  as  Sec-
tion  III.B,  we  summarize  the  selection  efficiencies  in
Tables  7−12 for  the  respective  models  and  masses.  The
distinguishable kinematics for the  model yield higher
signal efficiencies after all cuts, while the nearly identic-
al kinematic  distributions  between  the  signal  and  back-
ground events for the  model pose challenges, result-
ing in only factor-of-ten signal-background separation. In
addition,  the  signal  efficiency  increases  slightly  with

, but remains largely independent of  for values
below  GeV. 

 

L8Table 6.    Similar to Table 5, but for the  model.

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 2980 0.132 0.137 0.152 0.183

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.91 0.91 0.91 0.91

/ET > 40GeV 0.30 0.91 0.91 0.91 0.91

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.91 0.91 0.91 0.83

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.50 0.49 0.47 0.34

Cut-4 MT > 1600GeV 1.0×10−3 0.37 0.37 0.36 0.29

 

L3 mD = 20
M/mD = 1.1 M/mD = 1.5

M/mD = 1.9

Table 7.    Cut-flow table for the off-shell mediator scenario of the  model with  GeV and its relevant background with cu-
mulative efficiencies from Cut-1 to Cut-4. The three benchmark points are signal-1 ( ), signal-2 ( ), and signal-3
( ).

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 0.42 0.45 0.53

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.75 0.75 0.78

/ET > 40GeV 0.30 0.73 0.73 0.76

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.41 0.43 0.51

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.24 0.26 0.32

Cut-4 MT > 1600GeV 1.0×10−3 0.19 0.21 0.25

 

L3 mD = 100Table 8.    Similar to Table 7, but for the  model with  GeV.

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 0.34 0.36 0.45

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.69 0.70 0.74

/ET > 40GeV 0.30 0.67 0.68 0.72

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.28 0.31 0.43

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.16 0.18 0.26

Cut-4 MT > 1600GeV 1.0×10−3 0.13 0.15 0.21

Exploring muonphilic dark matter with the Z2-even mediator at muon colliders Chin. Phys. C 50, 063106 (2026)
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D.    Vector boson fusion production: visible and

invisible mediator decays
As  the  vector  boson  fusion  (VBF)  production  at  the

TeV  muon  collider  becomes  more  dominant,  we  further

µ+µ−→ νµν̄µµ
+µ−MED MED

MED→ µ+µ−

MED→ DM+DM

extend  the  search  strategies  to  VBF  production  at  the  3
TeV  muon  collider,  with  the  hard  process  defined  as

.  The  mediator, , sub-
sequently  decays  into  either  a  muon  pair  ( ,
visible  decay)  or  a  DM  pair  ( , invis-

 

L9 mD = 20Table 9.    Similar to Table 7, but for the  model with  GeV.

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 0.30 0.42 1.20

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.91 0.91 0.91

/ET > 40GeV 0.30 0.91 0.91 0.91

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.91 0.91 0.91

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.57 0.58 0.58

Cut-4 MT > 1600GeV 1.0×10−3 0.45 0.46 0.46

 

L9 mD = 100Table 10.    Similar to Table 7, but for the  model with  GeV.

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 1.3×10−2 1.8×10−2 4.9×10−2

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.90 0.90 0.91

/ET > 40GeV 0.30 0.90 0.90 0.91

Cut-2 E(γ) > 1200GeV 7.4×10−3 0.85 0.87 0.90

Cut-3 PT (γ)//E > 0.4 1.7×10−3 0.53 0.53 0.56

Cut-4 MT > 1600GeV 1.0×10−3 0.42 0.43 0.44

 

L13 mD = 20Table 11.    Similar to Table 7, but for the  model with  GeV.

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 518 533 521

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.91

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.54 0.54 0.53

/ET > 40GeV 0.30 0.51 0.50 0.49

Cut-2 E(γ) > 1200GeV 7.4×10−3 3.0×10−2 2.8×10−2 3.2×10−2

Cut-3 PT (γ)//E > 0.4 1.7×10−3 1.5×10−2 1.6×10−2 1.8×10−2

Cut-4 MT > 1600GeV 1.0×10−3 1.3×10−2 1.3×10−2 1.6×10−2

 

L13 mD = 100Table 12.    Similar to Table 7, but for the  model with  GeV.

Cut description background signal1 signal2 signal3

Cross-section/fb 2980 0.83 0.84 0.84

Cut-1

N(γ) > 0 0.92 0.91 0.91 0.92

E(γ) > 100GeV & |η(γ)| < 2.5 0.35 0.53 0.53 0.52

/ET > 40GeV 0.30 0.48 0.49 0.49

Cut-2 E(γ) > 1200GeV 7.4×10−3 2.6×10−2 2.7×10−2 3.2×10−2

Cut-3 PT (γ)//E > 0.4 1.7×10−3 1.4×10−2 1.4×10−2 1.8×10−2

Cut-4 MT > 1600GeV 1.0×10−3 1.3×10−2 1.2×10−2 1.5×10−2

Wanyun Chen, Haoqi Li, Chih-Ting Lu et al. Chin. Phys. C 50, 063106 (2026)
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M/mD = 2.5

B(MED→ µ+µ−) > 99 B(MED→ DM+
DM) > 99

ible decay).  This  process  is  driven  by  the  weak  interac-
tion of the initial-state muon pair, with the on-shell medi-
ator  emitted from one of  the  muon legs.  The fixed mass
ratio  is imposed to  ensure  the  kinematic  ac-
cessibility of both decay channels. The coupling paramet-
er ratios follow Table 13 to guarantee the branching ratio
of  either %  or 

%.
MED→ µ+µ−

µ+µ−→ νµν̄µµ
+µ−MED MED→

µ+µ− µ+µ−→
νlν̄lµ

+µ−µ+µ− L3

g f = 0.01 gD = 0.08
gD/g f = 1/8

L8

g f = 0.01 gD = 0.09
gD/g f = 1/9

For the visible  decay channel: ,  the  full
signal  process  is ,  where 

.  The  major  irreducible  background  is 
. For the  model, the benchmark coupling

parameters are set to  and , correspond-
ing  to  a  coupling  constant  ratio  of .  For  the

 model,  the benchmark coupling parameters are set to
 and , with the corresponding coupling

constant ratio of .
Some  relevant  kinematic  distributions  of  signal  and

background processes are shown in Fig. 10. Based on the
above kinematic distributions, we optimized the event se-
lection criteria for the multimuon final state with missing
energy as follows:
 

Nµ+ ≥ 2 Nµ− ≥ 2 /ET > 40 GeV
pT (µ) > 20 GeV |η(µ)| < 2.5

●  Cut-1  (basic  cuts): , , ,
, and ;

 
2.2 < ∆R(µ1µ2) < 3.3● Cut-2: ;

 
pT (µ1) ≥ 130 GeV |η(µ1)| < 0.75● Cut-3: , and ;

 
/ET > 350 GeV● Cut-4: ;

 
|Mbest

µµ −M| < 0.1M● Cut-5: .
 

µ1 µ2

pT Mbest
µµ

where the ordering of the subscripts  and  is determ-
ined  by  their  values,  and  denotes  the  dimuon
pair with invariant mass closest to the mediator mass, se-
lected from all possible dimuon pairs formed by the four
muons.

MED→ DM+DM
µ+µ−→ νµν̄µµ

+µ−MED
MED→ DM+DM

µ+µ−→ νlν̄lµ
+µ− L3

g f = 0.15 gD = 0.01
gD/g f = 15

For  the  invisible  decay  channel: ,
the  full  signal  process  is ,  where

, with  missing  energy from both  neut-
rino  and  DM  particles.  The  major  background  comes
from . For the  model, the benchmark
coupling  parameters  are  set  to  and ,
corresponding to a coupling constant ratio of .

 

L3 mD = 20
E(γ) /ET /E PT (γ)/ /E

M/mD = 1.1 M/mD = 1.5 M/mD = 1.9

Fig. 4.    (color online) Off-shell mediator scenario of the  model with  GeV. Representative kinematic distributions include
photon energy  (top-left), missing transverse energy  (top-right), missing energy  (bottom-left), and the ratio of  (bot-
tom-right) for signal-1 ( , blue-dotted line), signal-2 ( , green-dotted line), signal-3 ( , black-dotted line),
and background (red-solid line).
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063106-11



 

L3 mD = 100Fig. 5.    (color online) Similar to Fig. 4, but for the  model with  GeV.

 

L9 mD = 20Fig. 6.    (color online) Similar to Fig. 4, but for the  model with  GeV.
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L9 mD = 100Fig. 7.    (color online) Similar to Fig. 4, but for the  model with  GeV.

 

L13 mD = 20Fig. 8.    (color online) Similar to Fig. 4, but for the  model with  GeV.
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L8

g f = 0.12 gD = 0.01
gD/g f = 12

For  the  model,  the  benchmark  coupling  parameters
are set to  and , with the corresponding
coupling constant ratio of .

Figure  11 shows  the  relevant  kinematic  distributions
for signal and background processes. The event selection
criteria  are  designed  to  enhance  the  discrimination
between signal and background processes as follows:
 

Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20
|η(µ)| < 2.5 /ET > 40 GeV

●  Cut-1  (basic  cuts): , , 
GeV, , and ;

 
E(µ1) ≥ 350 GeV |η(µ1)| < 0.8● Cut-2: , and ;

 
/ET > 250 GeV● Cut-3: ;

 
pT (µ1)//E > 0.12● Cut-4: .

 

L3 L8

Finally,  we  show  the  cut-flow  in Tables  13, 14 and
Tables 15, 16 for various signal BPs of  and  mod-
els  as  well  as  the  background in  the  VBF process  under

 

L13 mD = 100Fig. 9.    (color online) Similar to Fig. 4, but for the  model with  GeV.

 

M/mD = 2.5 L3

M = 50 M = 500
M = 900 M = 1300

Table 13.    Cut-flow table for visible on-shell mediator decay scenario ( ) of the  model in the VBF process and its relev-
ant background with cumulative efficiencies from Cut-1 to Cut-5. The four BPs are signal-1 (  GeV), signal-2 (  GeV),
signal-3 (  GeV), and signal-4 (  GeV).

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 0.428 2.061 2.078 1.473 0.899

Cut-1 Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 40 GeV and , , , 0.65 0.79 0.84 0.83 0.82

Cut-2 2.2 < ∆R(µ1,µ2) < 3.3 0.15 0.48 0.50 0.49 0.60

Cut-3 pT (µ1) ≥ 130 GeV |η(µ1)| < 0.75, 0.05 0.38 0.42 0.41 0.49

Cut-4 /ET > 350 GeV 0.01 0.23 0.26 0.23 0.25

Cut-5 |Mbest
µµ −M| < 0.1M

6.0×10−4 0.22 / / /

6.0×10−3 / 0.25 / /

5.4×10−3 / / 0.22 /

6.5×10−3 / / / 0.24
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M/mD = 2.5 L3

/ET ∆R(µ1µ2)
pT (µ1) |η(µ1)| M = 50

M = 500 M = 900 M = 1300

Fig. 10.    (color online) Visible on-shell  mediator decay scenario ( )  of the  model in the VBF process.  Representative
kinematic distributions include missing transverse energy  (top-left), angular separation  (top-right), transverse momentum
of leading muon  (bottom-left), and pseudorapidity of leading muon  (bottom-right) for signal-1 (  GeV, blue-dotted
line),  signal-2  (  GeV,  green-dotted  line),  signal-3  (  GeV,  black-dotted  line),  signal-4  (  GeV,  purple-dotted
line), and background (red-solid line).

 

M/mD = 2.5 L3

E(µ1) /ET

|η(µ1)| M = 50
M = 500 M = 900 M = 1300

Fig. 11.    (color online) Invisible on-shell mediator decay scenario ( ) of the  model in the VBF process. Representative
kinematic distributions include leading muon energy  (top-left), missing transverse energy (top-right), pseudorapidity of lead-
ing muon  (bottom-left), and transverse momentum ratio of leading muon to missing energy (bottom-right) for signal-1 (
GeV, blue-dotted line), signal-2 (  GeV, green-dotted line), signal-3 (  GeV, black-dotted line), signal-4 (  GeV,
purple-dotted line), and background (red-solid line).
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M/mD = 2.5
the visible and invisible on-shell mediator decay scenari-
os ( ), respectively.
  

IV.  RESULTS AND DISCUSSIONS

ϵs,b

1500
E(γ) > 1200

E(γ) > 1000
20

pT (µ±) > 150

After establishing  the  four  search  strategies  in  Sec-
tion III, we determined the efficiencies ( ) for both sig-
nal and  background  events.  Two  specific  scenarios  re-
quired adjustments to the selection criteria. First, for me-
diator  masses  near  GeV,  the  initial  requirement  of

 GeV in Cut-2 for the search of invisible on-
shell mediator decays proved overly restrictive; we there-
fore relaxed it to  GeV. Similarly, for the me-
diator mass close to  GeV in the analysis of visible on-
shell mediator decays, the pseudorapidity requirements in
Cut-2, Cut-3, and the original  GeV in Cut-3

pT (µ±) > 50 |η(γ)| < 2.2 |η(µ±)| < 2.2

σs,b

MadGraph5_aMC@NLO
L = 4400 fb−1

Ns,b = σs,b× ϵs,b×L

were found to be overly stringent. Therefore, we relaxed
them  to  GeV, ,  and ,
respectively.  Signal  and  background  production  cross-
sections  ( )  were  computed  using

. In  addition,  we adopted an optim-
istic integrated luminosity of  [89, 90].  The
expected  numbers  of  signal  and  background  events  are
given by .

After  obtaining  the  signal  and  background  event
counts, the signal significance is calculated as [91, 92] 

Z =

 
2 · [(Ns+Nb) · ln(1+

Ns

Nb
)−Ns]. (3)

To account  for  systematic  uncertainties  in  the  back-
ground, this formula is modified to [92, 93] 

 

L8Table 14.    Similar to Table 13, but for the  model.

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 0.428 891.3 20.3 7.823 3.748

Cut-1 Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 40 GeV and , , , 0.65 0.80 0.83 0.83 0.83

Cut-2 2.2 < ∆R(µ1,µ2) < 3.3 0.15 0.53 0.51 0.49 0.59

Cut-3 pT (µ1) ≥ 130 GeV |η(µ1)| < 0.75, 0.05 0.44 0.45 0.41 0.46

Cut-4 /ET > 350 GeV 0.01 0.28 0.28 0.23 0.22

Cut-5 |Mbest
µµ −M| < 0.1M

6.0×10−4 0.27 / / /

6.0×10−3 / 0.27 / /

5.4×10−3 / / 0.22 /

6.5×10−3 / / / 0.20

 

M/mD = 2.5 L3

M = 50 M = 500
M = 900 M = 1300

Table 15.    Cut-flow table for invisible on-shell mediator decay scenario ( ) of the  model in the VBF process and its rel-
evant background with cumulative efficiencies from Cut-1 to Cut-4. The four BPs are signal-1 (  GeV), signal-2 (  GeV),
signal-3 (  GeV), and signal-4 (  GeV).

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 165 4.20×10−2 3.36×10−2 2.36×10−2 1.46×10−2

Cut-1 Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 40 GeV and , ,  0.79 0.90 0.90 0.90 0.90

Cut-2 E(µ1) ≥ 350 GeV |η(µ1)| < 0.8, 0.05 0.59 0.59 0.56 0.52

Cut-3 /ET > 350 GeV 0.04 0.46 0.46 0.44 0.40

Cut-4 PT (µ1)//E > 0.12 0.03 0.45 0.45 0.43 0.39

 

L8Table 16.    Similar to Table 15, but for the  model.

Cut description background signal1 signal2 signal3 signal4

Cross-section/fb 165 19.28 0.26 9.99×10−2 4.83×10−2

Cut-1 Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 40 GeV and , ,  0.79 0.91 0.91 0.90 0.91

Cut-2 E(µ1) ≥ 350 GeV |η(µ1)| < 0.8, 0.05 0.66 0.64 0.59 0.55

Cut-3 /ET > 350 GeV 0.04 0.58 0.53 0.46 0.39

Cut-4 PT (µ1)//E > 0.12 0.03 0.57 0.52 0.45 0.38
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Z =
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σb = 0.05Nb

5
5

Z = 1.96 95
L3

L4 L8 L9 L10 L13 L14

In  this  work,  we adopted a  conservative  estimate  for
the  systematic  uncertainty,  setting ,  which
corresponds  to  a  flat %  of  the  total  background  event.
This flat % systematic uncertainty is  determined by re-
ferring to  the  typical  estimation  range  of  systematic  un-
certainties in  muon  collider  studies.  We  used  a  signific-
ance threshold of ,  corresponding to a % con-
fidence level, to project the future exclusion limits for ,

, , , , , and  at a 3 TeV muon collider.

B(MED→ µ+µ−) > 99
gD/g f

L3 L4 L8 MDϕ/g f L9 L10 L13

L14

L9 L10 L13 L14

MDϕ

MDϕ/g f B(MED→ µ+µ−) > 99

99
gD/g f MDϕ/g f

For visible on-shell mediator decays, we imposed the
condition % to determine the coup-
ling  parameter  ratios,  which  in  turn  fixed  for  the

, , and  models and  for the , , ,
and  models.  These  ratios  are  listed  in  the  third
column of Table 17. We find that the coupling parameter
ratios  for  four  models  ( , , ,  and )  span  a
range of values rather than taking a single fixed one. This
behavior occurs because of the one-dimensional coupling

, which is closely related to the mediator mass for the
mediator  branching  ratio  calculations.  Specifically,  the
ratio  required  to  satisfy %
increased monotonically  with  the  mediator  mass.  Relax-
ing  the  branching  ratio  condition  to  values  below %
would  lead  to  a  decrease  in  both  the  and 
ratios.

M/mD = 2.5 M >

2mD 20
1500

Z = 1.96
M > 2mD

M/mD

5

Using  a  mass  ratio  of  (ensuring 
) and benchmark mediator masses M from  GeV to
 GeV,  we  derived  the  projected  exclusion  limits  at

significance .  Our  analysis  shows  that  once  the
condition  is  met,  the  results  depended  only
moderately on the specific value of the  ratio.  The
solid and dashed lines in Fig. 12 show these projected ex-
clusion limits without and with a flat % systematic un-
certainty, respectively.

The exclusion lines  of  all  seven models  exhibited an

M = 100

L3 L4 L8

L9 L10 L13

L14

overall increasing trend with the increase of the mediator
mass M;  however,  a  distinct  peak  emerged  at 
GeV for all models. Specifically, the exclusion lines cor-
responding to the , ,  and  models show a mono-
tonically decreasing behavior within the mass interval of
20–50 GeV, while those associated with the , , ,
and  models increased monotonically as M increases.

M = 20 GeV

Z = 1.96
M = 20 GeV

M = 100 GeV

91 GeV

100 GeV

M = 100 GeV

The origin  of  this  characteristic  behavior  is  as  fol-
lows.  For  the  mediator  with , relaxed  kin-
ematic  selection  criteria  are  adopted  in  this  work,  which
resulted in the background detection efficiency being en-
hanced to twice its nominal value. To satisfy the statistic-
al significance threshold of , the required produc-
tion cross-section for  is correspondingly in-
creased. Under  the  standard  selection  criteria,  the  back-
ground  detection  efficiency  at  is signific-
antly higher  than that  at  adjacent  mass  points.  This  phe-
nomenon is mainly attributed to the fact that the rest mass
of the Z boson is approximately ,  a large number
of Z bosons are  resonantly  produced  in  this  energy  re-
gime, and  the  energy  spectrum  broadening  effect  in  ex-
periments  extends  this  resonance  peak  to  the  vicinity  of

. The Z bosons are abundantly produced and de-
cay  near  this  mass  interval,  generating  a  considerable
number  of  detectable  final-state  particles,  which  in  turn
leads to a significant enhancement of the background de-
tection efficiency within the 100 GeV mass window. This
is  the  core  reason  why  a  distinct  peak  appears  at

 for all models.

M/mD L3 L4 L8

To assess  the  consistency  of  our  results  with  a  GCE
interpretation, we overlay the GCE-favored parameter re-
gions, subject to the relevant constraints identified in Ref.
[40],  onto Figs.  12 and 13.  These  regions  are  shown  as
colored bands corresponding to different mediator-to-DM
mass  ratios .  For  the , ,  and  models,  we

 

gD/g f L3 L4 L8 MDϕ (TeV)/g f L9 L10 L13 L14

B(MED→ µ+µ−) > 99
B(MED→ DM+DM) > 99

Table 17.    Ratio of coupling parameters  (for , , ) and  (for , , , ) used in this analysis for vis-
ible  on-shell  mediator  decays  with  the  condition %  and  invisible  on-shell  mediator  decays  with  the  condition

%, respectively.

Models Coupling parameter Visible on-shell mediator decays Invisible on-shell mediator decays

L3 gD/g f 1/8 15

L4 gD/g f 1/8 15

L8 gD/g f 1/9 12

L9 MDϕ (TeV)/g f 3.66×10−3 2.75×10−1 – 0.91 27.3–

L10 MDϕ (TeV)/g f 3.66×10−3 2.75×10−1 – 0.91 27.3–

L13 MDϕ (TeV)/g f 1.43×10−3 1.07×10−1 – 0.356 10.68–

L14 MDϕ (TeV)/g f 1.43×10−3 1.07×10−1 – 0.356 10.68–
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M/mD = {2.5,5,10,25} L9 L10

M/mD = {2.5,20,40,70} L13

L14 M/mD = {2.5,5,7.5,10}

used ;  for  the  and  models,
we  used .  Although  the  and

 models are studied with , only

{2.5,5}the bands for  are displayed, as they fully encom-
pass  the  parameter  space  covered  by  the  higher  ratios,
making the  latter  redundant  for  visualization.  Remark-

 

95
5

B(MED→ µ+µ−) > 99 gD/g f L3 L4 L8

MDϕ (TeV)/g f L9 L10 L13 L14

M/mD

Fig. 12.    (color online) Projected exclusion limits at % confidence level on the parameter space for visible on-shell mediator decays
in seven models. The solid and dashed lines correspond to the cases without and with a flat % background systematic uncertainty, re-
spectively. The condition % is imposed to determine the ratio of coupling parameters  (for , , ) and

 (for , , , ), as shown in Table 17. Colored bands denote the GCE-favored parameter regions consistent with
Ref. [40], where distinct colors correspond to individual models and various patterns within the bands distinguish the mediator-to-DM
mass ratios  (see the main text for details).

 

B(MED→ DM+DM) > 99

Fig.  13.    (color online)  Similar  to Fig.  12,  but  for  invisible  on-shell  mediator  decays  in  seven  models  and  applying  the  condition
% to determine the ratio of coupling parameters.
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ably,  in  the  visible  decay  case,  all  projected  exclusion
lines  lie  consistently  below  the  GCE-favored  bands
across  the  investigated  mass  range,  indicating  a  robust
probe of the GCE explanation.

M/mD

M/mD

M/mD = 2.5

M/mD = 5 M/mD = 10
L3

gD/g f = 1/8
B(MED→ µ+µ−)

M/mD

M/mD = 5
M/mD = 10 L8

gD/g f = 1/9

M/mD = 5
M/mD = 10

M/mD

L3 L8

L3

M/mD = 5
M/mD = 10 M/mD = 2.5

L8

To  quantify  the  dependence  of  our  final  exclusion
limits on the ratio of , we performed a supplement-
ary comparative analysis  with different  values.  In
the  baseline  analysis  of  this  work,  we  fixed 
and  extended  the  study  to  two  alternative  values

 and . For the visible on-shell medi-
ator  decay  channel,  in  the  model  with  the  fixed
baseline  coupling  ratio ,  the  mediator  decay
branching  ratio  is  lower  than  the  99%
threshold set in the previous assumption, and slightly de-
creased  with  the  increase  of :  it  drops  to  98.6%
when ,  and  further  decreases  to  98.5%  when

.  In  the  model  with  the  fixed  baseline
coupling  ratio ,  the  branching  ratio  is  also
lower than  the  99%  threshold,  showing  a  slight  fluctu-
ation:  it  is  98.79%  when , and  slightly  de-
creased to 98.78% when .  On the other  hand,
the variation of  has negligible effects on the signal
detection efficiency. Taking the representative  and 
models as examples, for the  model, the relative devi-
ations  of  the  exclusion  limits  for  and

 with  respect  to  the  baseline  are
approximately  11%  and  19%,  respectively;  for  the 
model,  the relative deviations are approximately 9% and
25%, respectively.

L3

gD/g f = 15
B(MED→ DM+DM)

M/mD

M/mD = 5 M/mD = 10
L8

gD/g f = 12

M/mD M/mD = 5
M/mD = 10

M/mD

L3 L8

M/mD = 5 M/mD = 10
M/mD = 2.5

In  contrast,  for  the  invisible  on-shell  mediator  decay
channel,  in  the  model with  the  fixed  baseline  coup-
ling ratio ,  the mediator decay branching ratio

 is  higher  than  the  99%  threshold
set  in  the  previous  assumption,  and  slightly  increased
with  the  increase  of :  it  is  99.359%  when

,  and  increases  to  99.399%  when .
In  the  model  with  the  fixed  baseline  coupling  ratio

,  the  branching  ratio  is  also  higher  than  the
99% threshold,  showing a slight  increase with the larger

:  it  is  99.201%  when ,  and  increases  to
99.209% when . The detection efficiencies for
different  values show almost no difference for the
same model and mediator mass. For both the  and 
models, the relative deviations of the exclusion limits for

 and  with  respect  to  the  baseline
 are all less than 3%.

B(MED→ DM+DM) > 99

gD/g f MDϕ/g f

MDϕ/g f

B(MED→
DM+DM) > 99

M/mD M > 2mD

The  analysis  for  invisible  on-shell  mediator  decays
follows  the  same  workflow  but  uses  the  condition

% to  prioritize  DM  pair  pro-
duction.  The  corresponding  coupling  parameter  ratios

 and  are listed in the fourth column of Ta-
ble  17.  The  ratio  increased  monotonically  with
the  mediator  mass  for  the  fixed  condition 

%.  Since  the  results  depend  only  mildly
on  the  ratio  once  is  satisfied,  we  fixed

M/mD = 2.5

L3 L4 L8

L9,L10,L13

L14

M < 200

M < 200

 and used the same range of benchmark medi-
ator  masses.  The  resulting  projected  exclusion  limits,
with  and  without  systematic  uncertainty,  are  shown  by
the solid and dashed lines in Fig. 13, respectively. In con-
trast  to  the  visible  decay  process,  the  exclusion  lines  of
the , , and  models in the invisible decay process
exhibit a relatively flat trend with the increase in the me-
diator  mass M. When  systematic  uncertainties  are  neg-
lected  (solid  lines),  the  projected  limits  remain  entirely
below the GCE-preferred bands. For the , and

 models, the  exclusion  lines  exhibit  a  monotonic  in-
crease  with  the  mediator  mass M. In  the  lower  mass  re-
gime (almost  GeV), the projected limits are con-
sistently below the GCE-preferred bands, indicating a ro-
bust  exclusion  of  the  parameter  space  favored  by  the
GCE explanation.  However,  as M increased  beyond 200
GeV,  the  rising  exclusion  lines  eventually  surpassed  the
preferred  bands.  In  this  higher  mass  region,  the  GCE-
favored parameter space can only be effectively probed if
systematic  uncertainties  are  neglected (as  represented by
the solid lines). This behavior suggests that for these spe-
cific models, a stronger exclusion of the GCE-favored re-
gions  is  primarily  achieved  in  the  GeV  regime
when systematic errors are not taken into account.

g2
f 99

µ+µ−

gD/g f MDϕ/g f

The  exclusion  limits  derived  from  visible  on-shell
mediator decays are consistently stronger than those from
invisible on-shell mediator decays across all models. This
behavior can be attributed to two main factors.  First,  the
relevant SM background for the visible decay signal pro-
cess is more than an order of magnitude smaller than the
invisible decay signal process. Second, although the pro-
duction  cross-sections for  both  signal  processes  are  pro-
portional  to ,  the  requirement  of  a  larger  than %
branching  ratio  to  either  or  a  pair  of  DM particles
results in distinctly different values for the coupling para-
meter ratios  and , as shown in Table 17.

gD ·g f L3 L4 L8 MDϕ ·g f

L9 L10 L13 L14

M/mD = 1.1,1.5,1.9 M < 2mD

20 100

M/mD = {1.1,1.5,1.9}
M/mD = 1.1 L9 L10

M/mD = {1.1,1.5} L3,L4,L8

M/mD = {1.1,1.9} L13,L14

For the mono-photon channel with an off-shell medi-
ator,  the  production  cross-sections are  directly  propor-
tional to  for , , and  models and to 
for , , ,  and  models. We consider mass ra-
tios  (satisfying ) and bench-
mark  DM masses  from  GeV to  GeV.  To further
evaluate  the  sensitivity  to  the  GCE  explanation  in  this
context,  we  similarly  overlay  the  GCE-preferred  regions
from Ref. [40] onto Fig. 14. The colored bands denote the
favored regions for the respective models across mass ra-
tios . For visual clarity, we only dis-
played the  bands for the  and  models,
as they fully encompass the parameter space of the high-
er ratios. Following a similar reason, we present only the

 bands for the  models, and the
 bands for the  models. The pro-

jected exclusion limits for this scenario, without and with
systematic  uncertainty,  are  presented  in Fig.  14. In  con-
trast  to  the  on-shell  decays,  the  exclusion  lines  of  all

Exploring muonphilic dark matter with the Z2-even mediator at muon colliders Chin. Phys. C 50, 063106 (2026)

063106-19



M/mD

models show  a  monotonic  upward  trend  with  the  in-
crease  in  mediator  mass M.  The  larger  the  mass  ratio

, the lower the exclusion lines lie,  indicating high-
er  detection  sensitivity.  All  exclusion  lines  lie  either
above or within the GCE-preferred bands, indicating that
current  sensitivity  remains  insufficient  to  fully  probe  or
constrain the  parameter  space  favored  by  the  GCE  ex-
planation in the off-shell regime.

GeV

20 GeV

20 GeV

The visible process exhibits a monotonically decreas-
ing trend in the mass range 20–50 , while showing a
monotonically  increasing  trend  in  all  other  mass  ranges.
This  is  mainly  due  to  the  excessively  small  background
cross-section and detection efficiency. In addition, under
the event selection of  (imposed by the kinematic
cut on the mediator  mass window),  the number of  back-
ground events is less than 1; hence, the process at 

is  naively  analyzed  as  a  background-free  process.  The
results of the invisible process show a monotonically in-
creasing  trend  in  the  mass  range  of  50–1500 GeV.  Both
processes  are  characterized  by  better  exclusion  limits  in
the low- than in the high-mass range.

For the exclusion limits of the VBF process, it can be
observed  that  for  the  invisible  on-shell  mediator  decay
channel,  the  exclusion  capability  of  the  VBF  process  is
significantly weaker than that of the muon pair annihila-
tion process. In contrast, for the visible on-shell mediator
decay channel,  the  exclusion  capability  of  the  VBF pro-
cess  is  comparable  to  that  of  the  muon  pair  annihilation
process. The  core  reason  for  this  phenomenon  is  as  fol-
lows.  For  the  VBF process,  the  detection  efficiencies  of
the signal and background are significantly different from
those of  the  aforementioned  muon pair  annihilation  pro-

 

95
5

M/mD

Fig. 14.    (color online) Projected exclusion limits at % confidence level on the parameter space for mono-photon channel with an
off-shell mediator in seven models without (top panels) and with a flat % background systematic uncertainty (bottom panels). Colored
bands denote the GCE-favored parameter regions consistent with Ref. [40], where distinct colors correspond to individual models and
various patterns within the bands distinguish the mediator-to-DM mass ratios  (see the main text for details).
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1/2 1/3

500 GeV
500 GeV

cess.  In  the  visible  on-shell  mediator  decay  channel,  the
background  detection  efficiency  of  the  VBF  process  is
more stable across different mediator mass windows, es-
pecially  in  the  high-mass  regime,  where  the  background
detection efficiency is only  to  of that of the muon
pair annihilation  process.  For  the  signal  detection  effi-
ciency,  the  two processes  are  basically  similar  when  the
mediator  mass  is  below .  However,  above

, the signal detection efficiency of the VBF pro-
cess is lower than that of the muon pair annihilation pro-
cess, with  the  gap  widening  as  the  mediator  mass  in-
creases. In the invisible on-shell mediator decay channel,
the  background  detection  efficiency  of  the  VBF  process
is approximately twice that of the muon pair annihilation
process, while there is no significant difference in the sig-
nal detection  efficiency  between  the  two  processes.  Al-
though the signal cross-section of the VBF visible decay
channel  is  lower  than  that  of  the  muon  pair  annihilation
process,  the  background  cross-section is  greatly  sup-
pressed  owing  to  the  unique  four  muons  signature  in  its
final state. The gain from this background suppression far
outweighs  the  combined  loss  from  the  reduced  signal
cross-section  and  decreased  signal  efficiency,  ultimately
making its exclusion capability comparable to that of the
muon pair annihilation process.

B(MED→ µ+µ−) > 50
B(MED→ µ+µ−) > 99

To clarify the influence of mediator decay branching
ratios on detection performance, we further compared the
exclusion performance characteristics at  branching ratios
of  90%  and  50%  with  the  case  of  99%  as  the  reference
benchmark.  For  the  visible  mediator  decay  process,  the
detection  sensitivity  at %  is  20
times  lower  than  that  at %,  while

B(MED→ µ+µ−) > 90
B(MED→ µ+µ−) > 99

B(MED→ µ+µ−) > 99

the detection sensitivity at % is  3.6
times  lower  than  that  at %.  This
study explicitly states that the exclusion limits drawn for
specific  mediator  decay  channels  are  all  based  on  the
premise of %.

B(MED→ DM+DM) > 99
B(MED→

DM+DM) > 50
B(MED→ DM+DM) > 90

B(MED→ DM+DM) >
99 B(MED→ DM+DM) > 50

B(MED→ DM+DM) >
99

In contrast,  the exclusion limits of invisible mediator
decay  processes  exhibit  significant  regularity  with  the
variation of branching ratios: all  models show the weak-
est exclusion performance at %
and  the  strongest  exclusion  performance  at 

%. Quantitative analysis results show that
the exclusion limit  at % is ap-
proximately  three  times  that  at 

%;  the  exclusion  limit  at %
is approximately five times that at 

%. For the same process and the same model, the vari-
ation  trends  of  exclusion  lines  remain  consistent  across
different mediator decay branching ratios.

L3 L4

L8 O(10−5) gD ·g f

O(10−3−10−2)
O(10−2−0.1)

gD ·g f ≳ 10−2

20 1500

L9 L10

L13 L14

MDϕ (TeV) ·g f O(10−6−10−5)
O(10−4−10−2)

In  summary,  the  exclusion  limits  for  the  fermionic
DM  models  with  scalar  or  vector  mediators  ( , ,
and ) reached  for  in visible on-shell me-
diator  decays,  for  invisible  on-shell medi-
ator decays, and  for the mono-photon chan-
nel  with  an  off-shell  mediator.  The  projected  exclusion
contours covered  most  of  the  allowed  nonresonance  re-
gions with  and mediator masses M between

 GeV and  GeV for these muonphilic DM models,
as  shown  in  Ref.  [40].  Similarly,  for  scalar  DM  models
with a  scalar  mediator  ( , )  and vector  DM models
with a scalar mediator ( , ), the exclusion limits on

 reached  for  visible  on-shell
mediator decays,  for invisible on-shell me-

 

Fig. 15.    (color online) Similar to Fig. 12, but for visible on-shell mediator decays via VBF process in seven models.
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O(10−4−10−2)

MDϕ (TeV)·
g f ≳ 10−4

3

diator  decays,  and  for  the  mono-photon
channel  with  an  off-shell  mediator.  The  projected  limits
covered  most  nonresonance  regions  with 

 across the  same  mediator  mass  range.  There-
fore,  a  future  TeV muon collider  would be critical  for
testing  the  muonphilic  DM  explanation  of  the  GCE
puzzle. 

V.  CONCLUSION

Z2

In this paper, we performed a detailed and systematic
study of the prospects for discovering muonphilic DM at
a  future  3  TeV  muon  collider,  focusing  on  simplified
models  with  a -even  mediator.  Motivated  by  the
model's ability to explain the GCE and the observed relic
density  while  evading  multimessenger,  direct  detection
and collider constraints, we explored its viable parameter
space  through  four  distinct  search  channels:  visible  on-
shell mediator decays, invisible on-shell mediator decays,
mono-photon  signatures  with  off-shell  mediators,  and
vector boson fusion production.

gD ·g f O(10−5)
MDϕ(TeV) ·g f

O(10−6−10−5)

O(10−3−10−2) O(10−4−10−2)

Our analysis  demonstrates  that  a  muon  collider  pos-
sesses exceptional sensitivity to probe the nonresonant re-
gions  of  these  models.  For  visible  on-shell  decays,  the
projected  exclusion  limits  on  the  fermionic  DM  model
couplings  can  reach ,  while  for  scalar  and
vector DM models, the limits on  can be as
strong  as .  The  invisible  on-shell  decay
channel, while slightly less sensitive owing to a larger ir-
reducible  background  and  coupling  parameter  ratios
shown in Table 17, still provides powerful constraints of

 and  for the respective mod-

M < 2mD

O(10−2−0.1) O(10−4−10−2)
5

gD ·g f ≳ 10−2

MDϕ ·g f ≳ 10−4TeV
20 1.5

el classes. The mono-photon channel with off-shell medi-
ators offers  a  complementary  probe,  especially  in  para-
meter  regions  where ,  with  exclusion  limits
reaching  and .  We  have  also
quantified the impact of a conservative flat % systemat-
ic uncertainty,  demonstrating  that  while  it  shifts  the  ex-
clusion  limits  upward,  the  projected  sensitivity  remains
substantial.  This  confirms  the  robustness  of  our  results.
The resulting  exclusion  contours  cover  most  of  the  al-
lowed parameter space, specifically for  and

,  across  the  mediator  mass  ranges  of
 GeV to  TeV in nonresonant regions.
In conclusion,  a high-energy muon collider serves as

a  decisive  machine  to  directly  test  the  muonphilic  DM
hypothesis as an explanation for the GCE. Its clean colli-
sion  environment  and  high  luminosity  provide  a  unique
opportunity  to  perform  precision  measurements  of  the
DM-muon coupling and mediator mass, directly comple-
menting  and  exceeding  the  reach  of  indirect  and  direct
detection  experiments  as  well  as  conventional  collider
searches. Our work firmly establishes that such a facility
is  critical  for  advancing  our  understanding  of  the  DM
particle nature. 

APPENDIX A: COLLIDER CONSTRAINTS FROM
LEP AND LHC ON MUONPHILIC DM MODELS

 

1.    LEP constraints on visible and invisible
mediator decays

√
s = 209 GeV

e+e−
At the LEP, which operated at , we fo-

cus on  collision-induced production of the mediator

 

Fig. 16.    (color online) Similar to Fig. 15, but for invisible on-shell mediator decays via VBF process in seven models.
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MED (denoted in the main text) for muonphilic DM mod-
els. Below, we present the detailed analysis of LEP con-
straints for both visible and invisible mediator decay pro-
cesses.

MED→
µ+µ−

For  the  visible  mediator  decay  scenario  (
), the signal process is defined as 

e+e−→ µ+µ−MED, MED→ µ+µ−, (A1)

and the dominant SM background process is 

e+e−→ µ+µ−µ+µ−. (A2)

MED→ DM+DM
Similarly,  for  the  invisible  mediator  decay  scenario

( ), the signal process is 

e+e−→ µ+µ−MED, MED→ DM+DM, (A3)

and the dominant SM background process is 

e+e−→ µ+µ−νlν̄l. (A4)

M = {10,25,50} GeV

M = {5,10,25,50} GeV
L = 233.4 pb−1

For the invisible on-shell mediator decay process, we
consider  the  mediator  mass ;  for  the
visible  process,  the  mediator  masses  are  set  to

.  With  the  integrated  luminosity
fixed  at ,  the  event  selection  criteria  for
both processes are simply optimized as detailed below:
 

MED→ DM+DMa. Invisible Mediator Decay ( )
 

Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20
GeV |η(µ)| < 2.5 /ET > 20 GeV

●  Cut-1  (basic  cuts): , , 
,  and ;

 
pT (µ1) ≥ 80 GeV● Cut-2: ;

 
pT (µ1)//ET > 1.1● Cut-3: ;

 

L9 L13

1

Based  on  these  event  selections,  the  corresponding  cut-
flow tables for various signal BPs in the  and  mod-
els  as  well  as  the background are obtained in Tables  A2
and A3. It can be seen that for the invisible mediator de-
cay process, the product of the background cross-section,
integrated  luminosity  and  detection  efficiency  is  much
less than . Therefore, we naively treat this analysis as a
background-free scenario in the subsequent discussion.
 

MED→ µ+µ−b. Visible Mediator Decay ( )
 

Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20
GeV |η(µ)| < 2.5

● Cut-1 (basic cuts):  and , 
 and ;

 
|Mbest

µµ −M| < 0.15M● Cut-2: 
 

Mbest
µµ

2.11 fb

L3 L8

L9

where  is defined as in the main text. For the visible
mediator  decay  process,  its  background  cross-section  is
only ; hence, the product of the background cross-
section  and  integrated  luminosity  alone  is  already  less
than  1.  Based  on  this,  we  also  treat  this  analysis  at  the
LEP as a background-free scenario in the subsequent dis-
cussion. Meanwhile, in the analysis of this process, we no
longer apply  kinematic  cuts  to  the  background  nor  per-
form relevant  background  analysis.  Since  the  number  of
signal  events  passing  the  basic  kinematic  cuts  is  already
at a low level, we only selected two kinematic cuts to fil-
ter the signal events. The cut-flow tables for the , ,
and  models are shown in Tables A4, A5, and A6, re-
spectively.

 

L3

M = 10 M = 25 M = 50
Table A1.    Cut-flow table for invisible on-shell mediator decay of the  model and its relevant background at the LEP. The three
BPs are signal-1 (  GeV), signal-2 (  GeV), and signal-3 (  GeV).

Cut description background signal1 signal2 signal3

Cross-section/fb 238.10 1.20 1.64 1.41

Cut-1 Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 20 GeV, , , , 0.60 0.63 0.66 0.66

Cut-2 pT (µ1) ≥ 80 GeV |η(µ1)| < 0.8, 0.02 0.27 0.20 0.09

Cut-3 pT (µ1)//ET > 1.1 0.01 0.23 0.15 0.04

 

L9Table A2.    Similar to Table A1, but for the  model.

Cut description background signal1 signal2 signal3

Cross-section/fb 238.10 59.39 14.15 1.18

Cut-1 Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 20 GeV, , , , 0.60 0.65 0.66 0.63

Cut-2 pT (µ1) ≥ 80 GeV |η(µ1)| < 0.8, 0.02 0.17 0.09 0.04

Cut-3 pT (µ1)//ET > 1.1 0.01 0.13 0.05 0.02
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L8

GeV
For the  model, the number of events remains at a

high level at the mediator mass of 50 . Thus, we ad-
ditionally  analyzed  two  larger  mediator  mass  BPs  until
the  number  of  signal  events  at  the  corresponding  mass
points is no more than 3 (no exclusion capability at 95%
confidence  level  of  background-free assumption).  In  ad-
dition, it can be seen that in the low-mass regime, the de-
tection efficiency after  the  mediator  mass  window cut  is
significantly  reduced.  This  is  because  the  window range
corresponding to low-mass mediators is extremely small,
and the number of effective events that can pass this kin-
ematic cut is correspondingly reduced, which leads to the
decrease of the detection efficiency.

Z2

M = 5−75 GeV

20 GeV

M ≲ 10 GeV

Figure A1 shows the projected exclusion limits  from
the LEP for seven -even muonphilic DM models in the
visible on-shell mediator decay channel, with the mediat-
or  mass  interval  covered  by . For  the  in-
visible on-shell mediator decay channel, the DM mass is
required to be larger than  in our previous analys-
is [40]. However, our calculation shows that the paramet-
er space with exclusion power for this process is restric-
ted  to  the  mediator  mass  interval . Con-

sequently,  this  channel  cannot  impose  valid  exclusion
constraints  on  the  model  parameter  space  of  interest.  In
addition, to  maintain  consistency  with  the  analysis  as-
sumptions  adopted  in  the  main  text  (coupling  constants
within a reasonable range and the mediator decay branch-
ing ratio  exceeding  99%),  some  mass  intervals  are  ex-
cluded  from  the  figure  as  they  cannot  yield  physically
meaningful exclusion limits.

Ns = 10

L8

Ns = 10 L8

We also  calculated  the  corresponding  exclusion  lim-
its  using  the  signal  event  count  criterion .
However, under  the  aforementioned  analysis  assump-
tions, except for the visible mediator decay process of the

 model,  other  models  have  no  valid  parameter  points
satisfying this  criterion.  Thus,  the  results  under  this  cri-
terion only show the case of  for the  model in
Fig.  A1.  The projected exclusion limits  presented in this
work may be optimistic compared to those from a full ex-
perimental data analysis, especially in the presence of re-
ducible backgrounds or unaccounted detector effects.

L8

The  results  show  that  for  the  visible  mediator  decay
process,  except  for  the  model, the  LEP can only  im-
pose weak constraints on the low-mass mediator interval

 

L13Table A3.    Similar to Table A1, but for the  model.

Cut description background signal1 signal2 signal3

Cross-section/fb 238.10 28420 1028 23.54

Cut-1 Nµ+ ≥ 1 Nµ− ≥ 1 pT (µ) > 20 GeV |η(µ)| < 2.5 /ET > 20 GeV, , , , 0.60 0.63 0.57 0.51

Cut-2 pT (µ1) ≥ 80 GeV |η(µ1)| < 0.8, 0.02 0.06 0.02 0.005

Cut-3 pT (µ1)//ET > 1.1 0.01 0.03 4.1×10−3 9.0×10−4

 

L3 M = 5
M = 10 M = 25 M = 50

Table  A4.    Cut-flow  table  for  visible  on-shell  mediator  decay  of  the  model.  The  four  BPs  are  signal-1  (  GeV),  signal-2
(  GeV), signal-3 (  GeV), and signal-4 (  GeV).

Cut description signal1 signal2 signal3 signal4

Cross-section/fb 21.56 212.10 113.40 46.29

Cut-1 Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20 GeV |η(µ)| < 2.5 and , , 0.19 0.14 0.18 0.29

Cut-2 |Mbest
µµ −M| < 0.15M 0.002 0.08 0.11 0.24

 

L8 M = 5
M = 10 M = 25 M = 50 M = 75 M = 100

Table  A5.    Cut-flow  table  for  visible  on-shell  mediator  decay  of  the  model.  The  six  BPs  are  signal-1  (  GeV),  signal-2
(  GeV), signal-3 (  GeV), signal-4 (  GeV), signal-5 (  GeV), and signal-6 (  GeV).

Cut description signal1 signal2 signal3 signal4 signal5 signal6

Cross-section/fb 171.40 2538 899.10 252.40 78.24 23.32

Cut-1 Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20 GeV |η(µ)| < 2.5, , , 0.08 0.05 0.09 0.25 0.44 0.50

Cut-2 |Mbest
µµ −M| < 0.15M 0.003 0.04 0.07 0.22 0.43 0.48

 

L9Table A6.    Similar to Table A4, but for the  model.

Cut description signal1 signal2 signal3 signal4

Cross-section/fb 286.60 212.00 113.80 46.01

Cut-1 Nµ+ ≥ 2 Nµ− ≥ 2 pT (µ) > 20 GeV |η(µ)| < 2.5 and , , 0.13 0.14 0.18 0.28

Cut-2 |Mbest
µµ −M| < 0.15M 0.09 0.10 0.13 0.24
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M ≤ 25 GeV L8

10−75 GeV

M ≲ 10 GeV
20 GeV

with . For the  model, it can only provide
relatively weak constraints throughout the entire covered
mass  interval  of .  For  the  invisible  mediator
decay  process,  as  mentioned  above,  the  parameter  space
with  exclusion  power  is  available  only  for ,
while the DM mass is required to be larger than 
in this analysis. Therefore, none of the models have valid
exclusion limits in this channel. 

2.    LHC constraints
√

s = 13 TeV

Z2

For  the  LHC  with ,  a  simple  recasting
demonstrates  that  it  cannot  impose  effective  constraints
on  the  studied -even muonphilic  DM  models,  regard-
less of whether the on-shell mediator undergoes visible or
invisible decay processes.

ℓ

ℓ

L = 35.9 fb−1 ℓ

ℓ

pp→ µ+µ−MED
MED→ µ+µ−

pp→ µ+µ−MED

To quantitatively verify the above conclusion, we first
adopted the signal  production cross-sections correspond-
ing to the exclusion limits of the 2  (dimuon final  state)
and 4  (tetramuon final state) channels for the integrated
luminosity  from Ref. [94]. For the 2  chan-
nel, the mediator mass ranges from 10 to 250 GeV, with
the excluded cross-section decreasing monotonically with
increasing  mass,  spanning  approximately  110–0.06  pb.
For  the  4  channel,  the  mediator  mass  ranges  from 1  to
350  GeV,  and  the  excluded  cross-section  also  decreases
with  increasing  mass,  from  approximately  4.84  pb  to
0.0028  pb.  For  the  visible  mediator  decay  process,  the
production  mechanism  is  (where

).  For the invisible mediator decay process,
the  production  mechanism  is  (where

MED→ DM+DM

L = 35.9 fb−1

).  For  these  two  decay  processes,  10
mediator mass  BPs  are  selected  to  generate  the  corres-
ponding  signal  cross-sections, and  their  orders  of  mag-
nitude is quantitatively evaluated to determine whether it
reached  the  level  required  for  LHC  constraints  with

.
ℓ

L3

ℓ

56.76 fb 2.57×10−3 fb
ℓ

10−7 fb 8.49×
10−2 fb

L = 35.9 fb−1

The recasting results show that for the 2  channel, the
signal  production  cross-sections  of  all  models  decreased
with  the  increase  of  mediator  mass,  which  is  consistent
with  the  variation  trend  of  the  exclusion  lines  in  Ref.
[94].  Under  the  assumptions  that  the  coupling  constants
are  within  a  reasonable  range  and  the  mediator  decay
branching  ratios  are  greater  than  99%,  taking  the 
model as an example, for the 2  channel, within the me-
diator  mass range of  10–250 GeV, the signal  production
cross-section  decreases  from  to .
For the 4  channel, the signal production cross-section is
only  at  a  mediator  mass  of  1  GeV  and 

 at 350 GeV. The signal production cross-sections
of all intermediate mediator masses fall within this range.
The above cross-section values are far lower than the ref-
erence  thresholds  given  in  Ref.  [94], failing  to  form  ef-
fective exclusion  constraints.  Finally,  the  signal  produc-
tion cross-sections of the remaining six models across the
entire  mass  range  do  not  reach  the  excluded  levels,  and
none of  them can be constrained by the LHC at  13 TeV
with .  Increasing  the  integrated  luminosity
of the 13 TeV LHC is expected to yield only weak exclu-
sion limits  for  the  seven  muonphilic  DM  models  con-
sidered in this study. 

 

Ns = 3

L8 Ns = 10

Fig. A1.    (color online) Projected exclusion limits at 95% confidence level for seven models in the visible mediator decay channel at
LEP, derived from a background-free assumption with the signal event count criterion , with the corresponding exclusion line for
the  model under  additionally labeled.
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