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Thermal WIMP
DM abundance is fixed  
by Freeze-out mechanism

Ωh2 =
3 × 10−27 cm3s−1

⟨σv2⟩

Cosmological measurements constraint particle DM theory 

Thermally averaged cross-section 
PLANCK measurement of CMB+BAO : Ωh2 = 0.120 ± 0.001
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WIMPs are highly promising from 
experimental point of view.

Many ways to test the WIMP paradigm.
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Direct Detection

Current detector sensitivities. No significant hints yet.
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Leptophilic WIMP
Predominantly couples to SM leptons

• SM singlet Majorana DM 
• Stabilized by a  symmetry 
• WIMP interaction with the SM leptons can be described by dimension-6  

four point interaction .

Z2

( χ̄γμγ5χ)(ℓ̄iγμℓj)
The WIMP (SM particles) is charged odd (even) under the Z2. Hence, an additional new
particle, called a mediator, is introduced. Possible quantum numbers of the mediator to
have a renormalizable interaction between the WIMP and the SM leptons are as follows:2

Mediator Type Spin SU(3)c SU(2)L U(1)Y Z2

Scalar 0 1 1 �1 �1
Scalar 0 1 2 �1/2 �1
Vector 1 1 1 �1 �1
Vector 1 1 2 �1/2 �1
Vector 1 1 1 0 +1

However, renormalizable models including a vector mediator are complicated in general, for
it should contain the "Higgs mechanism" to make the mediator massive and a few new (chi-
ral) fermions need to be introduced to make the models anomaly free [25, 26]. We therefore
focus on the models including a scalar mediator in this article; the mediator particle is ei-
ther a SU(2) scalar doublet with U(1) hypercharge �1/2 (Q = T3 + Y ) which we named
Left-(handed) mediator, or a SU(2) scalar singlet with U(1) hypercharge �1, namely Right-
(handed) mediator. Analogous to the three generation of the SM leptons, for each case,
there are three scalar mediators corresponding to each lepton flavor. However, for the sake
of simplicity, we consider a flavor-universal scenario and define the scalar masses by only
one degenerate mass parameter. We will explain more on this in the following parts.

On the other hand, in the following sections, we will discuss phenomenology of individ-
ual model perspective with Left- or Right-mediators. The effect of introducing both types of
the mediators will also be discussed in a later part in Sec. 5 including its motivation.

2.1 Left-mediator model

Left-mediator is the SU(2) scalar doublet that has a charged and a neutral component anal-
ogous to the left-handed charged-lepton and neutrino in the SM. The complete Lagrangian
for the left-mediator consists of two additional parts besides the usual SM Lagrangian (LSM)
and the kinetic terms of the WIMP and the scalar mediator. These are respectively the inter-
action between the WIMP and the mediator (LDM L) and the scalar potential (VL) describing
the self-interaction of the new scalar doublet and its interaction with the Higgs boson:
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1
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where a summation over the repeated indices is implicitly assumed, and the index i spans
lepton flavors (e,µ,⌧). Additionally, � is the WIMP, Li is the SM lepton doublet, H is the
Higgs doublet (Hc

⌘ i�2 H⇤), L̃i is the scalar mediator doublet whose quantum numbers
matches with Li, ⌧a are Pauli matrices and DµL is the covariant derivative acting on L̃i.

2All the cases lead to the four-point effective interaction (�̄�µ�5�)(¯̀i�
µ` j) with � and `i denoting the

Majorana WIMP and the SM leptons with generation index, if the mediator mass is enough greater than the
WIMP mass as well as the electroweak scale and integrated out from their original (renormalizable) theories.

3

Doublet or Singlet

Flavor universal scenario, only one mass parameter for the mediator.
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Since we are assuming lepton flavor universality, the Lagrangian parameters yL, mL̃,
�L, �LH , �0LH and �00LH are common in different flavors. To avoid sizable contribution to
tiny neutrino masses, we impose the lepton number symmetry, or to be more precise, the
B� L symmetry to the model. This is equivalent to assign the lepton quantum number to the
mediator particle, and thus the term proportional to �00LH is prohibited. After the electroweak
symmetry breaking with v ' 246 GeV being the vacuum expectation value of the Higgs field,
the physical mass of the each component of the scalar mediator doublet is given as

m2
ẽL
= (�LH +�0LH)

v2

2
+m2

L̃, (2)

m2
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= (�LH ��

0

LH)
v2

2
+m2

L̃, (3)

with L̃i = (⌫̃L i, ẽL i)T . The nomenclature of the physical masses are done in analogy to the
superpartners of the leptons in supersymmetric standard models, namely the sleptons.

2.2 Right-mediator model

Akin to Left-mediator model, one can write down the full Lagrangian for the right-mediator
model where instead of a doublet the mediator is a SU(2) singlet with the same quantum
number as the right-handed SM charged leptons. Explicit form of the Lagrangian is

LR =LSM +
1
2
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� + (DµR R̃i)†(DRµR̃i) +LDM R � VR(H, R̃i), (4)
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where Ei is the SM charged lepton singlet, R̃i is the scalar mediator singlet whose quantum
numbers resembles Ei and DµR is the covariant derivative acting on R̃i. Here also, we consider
all the parameters yR, mR̃, �R and �RH to be the same for different lepton flavors. Taking
the same nomenclature as above, the physical mass for the right-mediator is given by

m2
ẽR
= �RH

v2

2
+m2

R̃. (5)

3 Present status of the leptophilic WIMP

We discuss all relevant theoretical and experimental constraints imposed to the leptophilic
models defined in the previous section, and figure out the present status of the models.

3.1 Theoretical constraint

Since we introduce new scalar fields in the leptophilic WIMP models as the mediator, the
stability of the scalar potential has to be confirmed. The complete scalar potential for the
left-mediator model includes the SM Higgs potential in addition to VL, and it is given by

V Full
L (H, L̃) = µ2

|H|2 +
�

4
|H|4 + VL(H, L̃), (6)
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Figure 1: Some illustrative Feynman diagrams for self-annihilation and co-annihilation processes
to calculate the relic abundance of the WIMP in the left-mediator model. Red colored vertices cor-
responds to Yukawa coupling yL , while purple vertices are proportional to the scalar coupling �LH .
For the right mediator model, ẽL should be replaced by ẽR and there will be no neutral partner.

of freedom can be as large as 10%, depending on the temperature of the universe. This
in turn induces O (5%) uncertainty to the WIMP density during the freeze-out. We have
incorporated this uncertainty in the micrOMEGAs using the data provided in ref. [23].

3.2.2 Direct and Indirect detections

Direct dark matter detection is known to be very powerful to search for various WIMP can-
didates. The detection, however, relies on the (coherent) scattering between WIMP and
nucleus, so that it is not efficient for the leptophilic WIMPs. Here, one might think that such
a scattering emerges radiatively through one-loop diagrams even in the leptophilic WIMP
models we are discussing, where the SM leptons are propagating in the loop. The scattering
cross section of such a process, however, turns out to be too small to detect at the present
and near future detectors when the leptophilic WIMP is a Majorana fermion [30]. Hence,
we do not include any constraints from the direct WIMP detection in our analysis.

On the other hand, the indirect dark matter detection is known to be very useful to
search for WIMP candidates with irrespective to their interactions, where the signal strength
is proportional to the WIMP self-annihilation cross section. The annihilation cross section
in the leptophilic models we are discussing is, however, velocity (p-wave) suppressed due
to the angular momentum and CP conservation, and is insignificant at the present universe.
Therefore, the indirect WIMP detection constraints are also irrelevant to our scenario.

3.3 Collider constraints

3.3.1 Direct mediator productions at LHC and LEP experiments

It is difficult to directly probe the WIMP at the current LHC experiment, since it is a gauge
singlet and interacts only with the SM leptons. On the other hand, the mediator particle is a
charged scalar and thus accessible both at lepton and hadron colliders. The LEP experiment
has searched for supersymmetric charged sleptons which decays dominantly into a SM lep-
ton and a bino-like lightest supersymmetric particle neutralino (a Majorana fermion) [31].
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SU(2) Doublet Mediator

Example diagrams of annihilation and co-annihilation
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Prohibited by B-L symmetry

Independent parameters λL, λLH, yL, mẽL
, mν̃L

, mχ



Current Constraints
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Figure 3: The white region depicts the allowed parameter space at 95% C.L. limit from current
Higgs to di-photon decay width measurement (left) and oblique T-parameter constraint (right).

negligibly due to the diphoton mode, the signal strength in our case can be approximated
as the ratio between the partial decay width of the Higgs to diphoton decay to its SM value.
Now, charged mediator coupling to the SM Higgs is given by the scalar quartic couplings
(�LH + �0LH) for the left-mediator and �RH for the right-mediator [39]. In Fig. 3, we show
the excluded parameter space in the charged mediator mass vs its coupling to the Higgs at
the 95% C.L. as the red-shaded region. We have included this constraint in our analysis.

3.3.3 Electroweak precision measurement

In the left-mediator case, the scalar mediator is a doublet under the SU(2)L gauge group.
Therefore, it can significantly contribute to the self-energy of the SM electroweak gauge
bosons, and an additional constraint from the so-called oblique T-parameter value that com-
bines the electroweak precision data should be considered [40–42]. Since, we have three
generations of degenerate scalar mediators, all of them will contribute to the T-parameter
and put a stringent constraint on the mass splitting between the charged and the neutral
left-mediator particles. The latest value of the T-parameter from new physics is restricted to
be �T = 0.05± 0.06 [32]. In the right panel of Fig.3, we show the 95% exclusion limit on
the charged vs the charged to neutral mass difference plane. As is evident from the figure
that one can not get a mass gap larger than 80 GeV for all charged scalar mass value.

3.3.4 Invisible Higgs and Z boson decays

We have another constraint on the left mediator from precision Higgs and Z boson invisible
decay measurements. Although the LEP constraint demands the charged component of the
left mediator to be, at least, greater than 90 GeV, there is no severe constraint on the mass
of the neutral component. If the mass of neutral component is smaller than half of Higgs or
Z boson mass, there is a decay channel such as h! ⌫̃L⌫̃

⇤

L ! ��⌫⌫̄ or Z ! ⌫̃L⌫̃
⇤

L ! ��⌫⌫̄.
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Higgs to diphoton Electroweak Precision

Charged scalars contribute to loop-induced 
Higgs decay to diphoton. Scalar trilinear 

coupling is  and  in doublet and 
singlet case.

(λLH + λ′ LH) λRH

SU(2) Doublet mediator can significantly 
contribute to electroweak precision 

measurement. The mass splitting is controlled 
by T-parameter constraint.



Current Constraints

Figure 2: The 95% C.L. exclusion (observed) limit on the mediator-WIMP mass plane obtained from
the analysis of various slepton pair productions at the LHC (8 & 13 TeV) and LEP-II experiments.

As a result, the LEP experiment excluded the right-handed smuon, the super partner of the
right-handed muon, with its mass below 94 GeV for a neutralino-smuon mass gap above
10 GeV [32]. This is a model-independent bound on leptonic charged scalars. We there-
fore impose this constraint on the right-mediators and, as a conservative limit, also on the
left-mediators. The excluded region is shown as the gray-shaded area in Fig. 2.

The LHC experiment has also looked for such simplified scenarios where charged slep-
tons with 100% branching ratio into its SM lepton partner and a WIMP (a bino-like LSP) can
be produced. After the Run-II of the LHC experiment at 13 TeV center of mass energy, the AT-
LAS collaboration has reported the 95% exclusion limit on both left and right-handed slep-
tons at 139 fb�1 luminosity for slepton-neutralino mass difference more than 80 GeV [33].
Dedicated search for compressed spectra where the slepton-neutralino mass difference be-
come as low as 550 MeV for a slepton mass around 70 GeV has also been done and the 95%
C.L. (confidence level) exclusion limit is presented [34]. In Fig. 2, we show this excluded
region for the selectron and smuon pair productions as yellow and green shaded regions
for the left and right-handed sleptons, respectively. The earlier limit from 8 TeV run of the
LHC experiment has also been included in the contours. Here, we would like to remind
us that we only consider the degenerate, flavor universal case, and therefore we use the
most-sensitive smuon search limit on our model scenarios as the strongest bound.

3.3.2 Radiative correction to the Higgs decay into diphoton

With the accumulation of more data, the Higgs data at the LHC experiment has been up-
dated with unprecedented accuracy and it shows an increasing affinity to the SM value. In
our model, the tree-level Higgs decay branching will exactly follow the SM value. However,
the left and right charged mediator can significantly contribute to the loop induced Higgs
to diphoton decay [35–37]. The latest constraint on the Higgs to diphoton signal strength is
given by the CMS collaboration as µ�� = 1.18+0.17

�0.14 [38]. The signal strength is defined as the
ratio of the Higgs production cross-section times its branching ratio to the gamma gamma
mode with the corresponding SM value. Since the exotic charged mediator does not con-
tribute to the production channel and considering that the total decay width only changes
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LHC 13 TeV analysis for sleptons.
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Figure 4: Constraints from the invisible decay width search of the Higgs boson at the present LHC
experiment (blue shaded) and that of the Z boson at the LEP experiment (orange shaded).

These processes contribute to the invisible decay width of the Higgs or Z boson as
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where mh and mZ are the Higgs and Z boson masses, respectively, ↵ is the fine structure
constant, and ✓W is the Weinberg angle. The invisible decay width of the Z boson is usually
expressed using the effective neutrino number coupling to the Z boson and the observation
at the LEP experiment presently gives its number to be N⌫ = 2.9840±0.0082 [43] at present,
which restricts the mass of the neutral component to be larger than half of the Z boson mass
(m⌫̃L
 mZ/2). On the other hand, the invisible decay width of the Higgs boson, or in other

words, the invisible decay branching fraction of the Higgs boson which is defined by

Binv =
3� (h! ⌫̃L⌫̃

⇤

L)
� (h! SMs) + 3� (h! ⌫̃L⌫̃
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L)
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with � (h! SMs) ' 4.1 MeV [44] is constrained to be Binv  0.13 by ATLAS collaboration
at the LHC experiment [45]. The constraints from invisible decays of Higgs and Z bosons
are summarized in Fig. 4 on the (m⌫̃L

,�LH)-plane, and we include those in our analysis.

3.4 Present status of the leptophilic WIMP

Following all the constraints on the previous subsections, we set the range of scan for the
model parameters. First of all, we restrict that the mediator mass is greater than the WIMP
mass, i.e. m� < {mẽL ,, m⌫̃L

, mẽR
}, and fix the quartic parameters �L, �R = 1 which do not

contribute to any physical observables and only required to be positive from the vacuum
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Flavor universal scenario, strongest limit comes 
from smuon searches.



Figure 5: Allowed parameter space at 95% C.L. from theoretical and experimental constraints in the
(m� , mẽL (R)

)-plane for the left-mediator (left) and right-mediator (right) models. See text for details.

stability conditions given in section 3.1. The other relevant parameters are varied as

|�LH | 1, |yL| 1, 90 GeV  mẽL
 2 TeV, |mẽL

�m⌫̃L
| 80GeV, m⌫̃L

> 45 GeV,
|�RH | 1, |yR| 1, 90 GeV  mẽR

 2TeV, 1GeV  m�  2 TeV. (14)

Note that, the mass gap between the two components of the SU(2) doublet in the left me-
diator model takes care of the oblique T-parameter constraint in Fig. 3. For collider,Higgs to
diphoton and to invisible constraints, we directly use 2� exclusion contours on our scanned
parameter space in the allowed region of the correct relic abundance of the WIMP.

Next, we discuss our findings in detail. We scan our parameter space in the range given
in eq. (14) incorporating constraints on the scalar quartic couplings from Higgs to dipho-
ton and to invisible width searches shown in Fig. 3 as well as the theoretical constraint in
section 3.1. The scanning is done with the help of the tool emcee [46] to make a proper
sampling. The allowed parameters are then passed through the micrOMEGAs code to per-
form the relic abundance calculation. It is worth mentioning here that the experimental
uncertainty of the dark matter relic abundance is much weaker than the uncertainty in
the theoretical calculation that comes from the massless degrees of freedom in the early
universe. Therefore, to find out the allowed parameter space by the relic abundance con-
straint, we did a �2-analysis considering the 2� uncertainty in the theoretical calculation
and choosing the central value at ⌦h2 = 0.120 from the PLANCK experimental data.

In Fig. 5, we show the presently allowed parameter space on the (mẽL(ẽR)�m�)-plane for
the left-mediator (left panel) and right-mediator (right panel) models. The region spread
by green points are allowed by the present constraints at 95% C.L. It is evident from the
figure that at large WIMP mass, only degenerate masses for the WIMP and the mediator can
satisfy the correct relic abundance via the co-annihilation mechanism. On the other hand,
as the WIMP mass increases, the Yukawa coupling needs to be large enough to keep the
annihilation cross section around 1 pb since the annihilation cross section is proportional
to y4

L (y
4
R)/m

2
� unless the co-annihilation comes into play. In the left-mediator model, the

co-annihilation takes the dominant role when the WIMP mass is m� > 500 GeV, while for
the right-mediator case, it appears beyond 400 GeV. The presence of an additional degree of
freedom (⌫̃L) in the left-mediator model helps in allowing larger WIMP mass with the correct
relic abundance via the self-annihilation mechanism of the WIMP. In the co-annihilating
degenerate mass region, the scalar quartic coupling of the mediator become effective and
the correct relic abundance for the large WIMP mass is achieved for the largest value of
the scalar coupling �LH (RH) ⇠ 1 which renders an upper bound on the co-annihilating mass
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 2 TeV, 1 GeV  m�  2 TeV. (14)

Note that, the mass gap between the two components of the SU(2) doublet in the left me-
diator model takes care of the oblique T-parameter constraint in Fig. 3. For collider,Higgs to
diphoton and to invisible constraints, we directly use 2� exclusion contours on our scanned
parameter space in the allowed region of the correct relic abundance of the WIMP.

Next, we discuss our findings in detail. We scan our parameter space in the range given
in eq. (14) incorporating constraints on the scalar quartic couplings from Higgs to dipho-
ton and to invisible width searches shown in Fig. 3 as well as the theoretical constraint in
section 3.1. The scanning is done with the help of the tool emcee [46] to make a proper
sampling. The allowed parameters are then passed through the micrOMEGAs code to per-
form the relic abundance calculation. It is worth mentioning here that the experimental
uncertainty of the dark matter relic abundance is much weaker than the uncertainty in
the theoretical calculation that comes from the massless degrees of freedom in the early
universe. Therefore, to find out the allowed parameter space by the relic abundance con-
straint, we did a �2-analysis considering the 2� uncertainty in the theoretical calculation
and choosing the central value at ⌦h2 = 0.120 from the PLANCK experimental data.

In Fig. 5, we show the presently allowed parameter space on the (mẽL(ẽR)�m�)-plane for
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co-annihilation takes the dominant role when the WIMP mass is m� > 500GeV, while for
the right-mediator case, it appears beyond 400 GeV. The presence of an additional degree of
freedom (⌫̃L) in the left-mediator model helps in allowing larger WIMP mass with the correct
relic abundance via the self-annihilation mechanism of the WIMP. In the co-annihilating
degenerate mass region, the scalar quartic coupling of the mediator become effective and
the correct relic abundance for the large WIMP mass is achieved for the largest value of
the scalar coupling �LH (RH) ⇠ 1 which renders an upper bound on the co-annihilating mass
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Figure 6: The shaded region depicts the projected reach of parameter space at 95% C.L. from the
Higgs to di-photon (left) and to invisible (right) decay width measurements. See text for details.

range at 1.5 TeV. Furthermore, the region spread by red points in the figure depicts the region
excluded only by the direct searches of the scalar mediator at the LHC and LEP experiments
discussed in section 3.3.1. As expected, a part of the self-annihilation region has already
been excluded by the searches, while degenerate mass regions survive and will become
important to probe at future lepton colliders, as we discuss in the following section.

4 Future prospects of the leptophilic WIMP

In this section, we discuss the sensitivity to search for the leptophilic WIMP at future collider
experiments, in particular, focusing on the International Linear Collider (ILC), within the L-
and R-mediator models, and figure out future prospects of the leptophilic WIMP search.

4.1 Expected sensitivity at the future colliders

4.1.1 Radiative correction to the Higgs decay into diphoton

Future projection of the Higgs to diphoton decay mode predicts that it will reach an accu-
racy at around 2% level at the HL-LHC [47]. Therefore, the coupling of the charged scalar
mediators to the Higgs will be further searched for. In Fig. 6, we show the projected sen-
sitivity from the Higgs to diphoton searches at the HL-LHC experiment assuming that the
uncertainty will be reduced to 2% while the central value being equal to the SM value.

4.1.2 Invisible Higgs boson decay

The measurement of the invisible Higgs decay width will be updated at the HL-LHC exper-
iment in the near future, and it is expected to be further improved at the ILC experiment.
Assuming that no new physics signal is observed at the measurements, the constraint on the
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Full run of HL-LHC can measure Higgs to diphoton at 
around 2% accuracy.

branching fraction of the invisible Higgs decay width will be obtained as [48]

Binv 

®
0.019 [HL-LHC],
0.0026 [250 GeV ILC].

(15)

With these expected limits, the projected sensitivities of measuring the invisible Higgs decay
width at the HL-LHC and ILC experiments are shown in Fig. 6 on the (m⌫̃L

,�LH)-plane.

4.1.3 Direct mediator productions at the HL-LHC experiment

There are presently no projected reach that has been reported by the HL-LHC working group
for the direct slepton production. Using a rough estimation, we have confirmed that the
sensitivity to search for a higher slepton mass region will be improved by O (100)GeV thanks
to the increase of statistics, while the degenerated mass region between the slepton and
WIMP will remain uncovered, as emitted soft leptons are buried in large SM background.

4.1.4 Direct WIMP or mediator production at the ILC experiment

When the WIMP mass is lower than half of the center of mass energy at the experiment,
the mono-photon (�) channel works effectively because relatively large Yukawa couplings
yL/R are required to achieve the observed relic density. However, when the WIMP and the
mediators masses are degenerate, it become difficult to search for the WIMP using the mono-
� channel because the couplings can be small due to the co-annihilation mechanism. In such
a case, we can use the channel with pair creation of mediator particles with an additional
high energy photon. The mediator particles will finally decay into an electron/positron and
a WIMP. If the masses of the WIMP and the mediator particle are highly degenerate, they
emit a soft electron/positron, and that channel can be counted as the mono-�’s. The cross
section of this channel is not suppressed by the Yukawa couplings because of the existence
of the Drell-Yan process, and we get a severe constraint also on the co-annihilation region.
The main background comes from the mono-� with the pair creation of neutrinos, and we
calculated cross sections of the signal and background for each energy bin by integrating
analytic formulae of the differential cross sections. In order to suppress other backgrounds,
we set the conditions E� � 10 GeV and cos✓�  0.98, where E� and ✓� are the energy and
the polar angle of the photon, following the similar prescription as in reference [49].

4.2 Future prospects of the leptophilic WIMP

We show the projected reach of the ILC experiment on the WIMP-mediator mass plane for
left and right mediator models in the left and right panel of Fig. 7, respectively. The region
spread by green and magenta points is the allowed parameter space set by all the constraints
discussed in the previous section, namely it is the same as the region spread by the green
points in Fig. 5. On the other hand, the improvement of the Higgs to diphoton and invisi-
ble decay width measurements in future at the HL-LHC and the ILC experiments does not
change the allowed parameter space of the leptophilic WIMP on the (mẽL

, m�)-plane, and
thus the benefit of the measurements for the WIMP search is not seen in the figure.

The region spread by magenta points in the figure is the 95% C.L expected reach of the
ILC experiment obtained by the mono-photon search. To perform the signal-background
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• WIMP mass less than half of the c.o.m energy, mono-photon searches will be effective. 

• When WIMP mass and mediator mass is almost degenerate, pair production of mediator is 
important. 

• In the degenerate mass region, the Drell-Yan production of the mediator particles at the ILC 
with a hard photon emission will contribute to mono-photon signal. Final state leptons will be 
soft. 

• ISR, beam bremstrauhlung and detector effects and 0.1% systematic uncertainty has been 
taken into account.

Eγ > 10 GeV , cos θγ ≤ 0.98Photon isolation requirement:
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Figure 2: Feynman diagrams for the signal process (top-left) and irreducible background processes
(others) of the mono-photon search at lepton colliders. Here, the photon line which is not directly
touched onto other lines means that it can be from either electron or positron line at the initial state.

the WIMP. Finally, we address the present constraint on the WIMP obtained by the LEP/LHC
experiments, which will be also compared with the case of the future lepton colliders.

3.1 Mono-photon search

3.1.1 Signal and background processes

Since DM cannot be directly captured by collider detectors, we search for it indirectly
through, for instance, the observation of a recoiled SM particle against the DM pair produc-
tion. Among various channels to search for the DM, the mono-photon process (e

�
e
+
! ���)

is known to be one of the most efficient channels at the lepton colliders. The mono-photon
signal in the framework of the simplified model in eq. (4) is from Feynman diagrams shown
in Fig. 2 (the top-left diagram), where the photon line which is not directly touched onto
other lines means that it can be from either initial electron or positron line.

On the other hand, there are several SM processes contributing to the mono-photon
channel as backgrounds against the signal. One of such backgrounds is an irreducible one
coming from the neutrino pair production associated with a photon (e

�
e
+
! ⌫ ⌫̄�), whose

diagrams are also shown in Fig. 2. The Bhabha scattering process with a photon emission
(e
�
e
+
! e

�
e
+�) can also be a background if both electron and positron at the final state go

to the beam pipe direction. This background is, fortunately, reduced efficiently by consid-
ering only events with a large photon transverse momentum in the analysis. Other possible
backgrounds come from the neutrino pair production associated with more than one photon
(e
�
e
+
! ⌫ ⌫̄�s). These contributions can be taken into account as the effect of the initial

state radiation, as will be discussed in the next section. Finally, multi photon productions
from the e

�
e
+ annihilation (e

�
e
+
! �s) can be backgrounds if some photons in the final

state are failed to be detected, though these are not significant compared to the irreducible
background under an appropriate event selection [33]. We therefore only consider the irre-
ducible background as the one against the mono-photon signal.
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Figure 7: The allowed parameter space for left (left panel) and right (right panel) mediator models.
The region spread by points is allowed by all the constraints discussed in the previous section, while
that spread by magenta points is the projected 95% C.L. reach at the 250 GeV ILC experiment.

analysis for the ILC search, we followed the approach of our previous study [49]:3 First, we
have analytically calculated the differential cross sections of the signal and the background
processes (e�e+ ! ���, ẽẽ⇤�, ⌫⌫̄�). Next, taking the initial state radiation [51], beam-
strahlung [52] and detector effects [53] into account, we have numerically integrated the
cross sections to obtain signal and background events in each energy bin with respect to the
kinematical selection mentioned in section 4.1.4.4 Finally, we performed a simple likelihood
analysis by comparing these signal and background predictions with the expected experi-
mental data assuming 250 GeV center of mass energy, 500 fb�1 luminosity and 0.1 % system-
atic uncertainty. We have not utilized the polarization option of the ILC experiment, namely
we considered an unpolarized electron and positron collision, for th signal is strong enough
and the sensitivity of the experiment to search for the leptophilic WIMP is determined by
the center of mass energy of the collision with almost irrespective to the polarization.

The figure shows that the projected reach of the leptophilic WIMP mass at 95% C.L
obtained by the mono-photon search at the ILC experiment is around 110 GeV. As we have
mentioned in Sec. 4.1.3, the HL-LHC experiment is expected to have a good sensitivity to
prove a larger mediator mass region, which is less degenerate with the WIMP5. On the
other hand, in the presently allowed parameter space with the electroweak scale mediator,
which is nothing but the region that the ILC experiment will probe, we see more or less a
degeneracy in mass between the mediator and the WIMP. The ILC and HL-LHC experiments
thus play complementary roles with each other to search for the leptophilic WIMP.

5 Combined left- and right-handed model

In this section, we discuss the consequences of considering the combined mediator scenario,
namely the leptophilic WIMP model having both the right- and left-handed mediators. After
addressing the minimal model (Lagrangian) and constraints on it briefly, we discuss the
motivation of the scenario and figure out the role of the future colliders to test the model.

3Our approach reproduced the result of the analysis for the mono-photon search at the LEP experiment [50]
with good accuracy [49], justifying the approach to evaluate the expected sensitivity of the ILC experiment.

4The bin width is set to be 5 GeV within in the energy range of the emitted photon, E�, with E� � 10 GeV.
5The pair production of the mediator particles at the future lepton collider experiment (ILC) in the scenario

where the mediator is not degenerate in mass with the leptophilic WIMP has been explored in Ref. [54].
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Combined Model Scenario
• Both the SU(2) and doublet and singlet mediators are present. 

• Motivated by muon anomalous magnetic moment.

5.1 The minimal model

5.1.1 Lagrangian

The renormalizable Lagrangian which contains both the mediators is given as follows:

LLR =LSM +
1
2
�̄
�
i /@ �m�
�
� + (DµL L̃i)†(DLµ L̃i) + (D

µ
R R̃i)†(DRµR̃i) +LDM � VLR(H, L̃i, R̃i),

LDM =LDM L +LDM R,

VLR = VL(H, L̃i) + VR(H, R̃i) +�LR| L̃i|
2
|R̃i|

2 + (Ami L̃
†
i HR̃i + h.c.). (16)

‘A’ is a dimensionless parameter contributing to the tri-linear scalar coupling and mi is the
mass of the SM leptons (e, µ, ⌧). The other parameters are the same as in section 2.

5.1.2 Vacuum stability constraint

After the electroweak symmetry breaking, the ‘A’ term causes the mixing between the two
mediators L̃i and R̃i. We scale this tri-linear term by the lepton mass parameters in analogy
to its Yukawa-like structure, so that it is most sensitive to the third generation mixing. From
the condition that the diagonalized mass of the mediators must be positive, we have

|A v m⌧|
p

2 mẽL
mẽR

. (17)

Remember the fact that the mediator masses mẽL
and mẽR

must be greater than the elec-
troweak scale due to the collider constraints in section 3.3.1, the above constraint is always
satisfied whenever the ‘A’ term is O (1� 10). Moreover, it is numerically confirmed in such
a case that our vacuum can be always the global minimum of the potential, as the quartic
couplings �L, �R, �LR can be taken to be large enough without conflicting with any con-
strains discussed so far. On the other hand, when the ‘A’ term is much larger than O (1�10),
we have to carefully consider the vacuum stability constraint; in addition to the above con-
straint, we have to confirm that our vacuum must be enough stable compared to the age of
the universe. Since the parameter region that the muon (g�2) anomaly is explained and is
relevant to the future lepton colliders requires the ‘A’ term of O (1� 10) as seen in the next
subsections, we will focus on such a parameter region in the following discussion.

5.1.3 Relic abundance constraint

As we have discussed above, we are interested in the parameter region where all the WIMP
and the mediators are in the electroweak scale, so that, for the sake of simplicity, we scan
the model parameters assuming mẽL

= mẽR
and y4

R = 2y4
L . The latter assumption is obtained

by requiring �v(�� ! eRēR) = �v(�� ! eL ēL) +�v(�� ! ⌫L⌫̄L), namely both the medi-
ators equally contribute to the relic abundance of the WIMP when both the mediators have
the same mass, unless coannihilation processes come into play. This simplified analysis is
enough in order to show the capability of the future lepton colliders to search for the at-
tractive parameter region of the combined model motivated by the muon (g � 2) anomaly
as well as the dark matter abundance (thermal relic scenario). Uncertainties at the relic
density calculation are taken into account in the same manner as those in section 3.2.1.
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Mixing between two mediator plays important role to satisfy muon (g-2).
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Figure 8: Diagrams contributing to the anomalous muon magnetic moment. First two diagrams are
those from the simplest leptophilic WIMP model with the left-handed mediator. Similar diagrams
for the right-mediator model can be found by swapping L with R. Last two diagrams are from the
leptophilic WIMP model with both left- and right-handed mediators, namely the combined model.

grams in Fig. 8. Using the mass insertion approximation, its explicit form is given as [60]

�aL+R
µ = �

yL yR

96⇡2

A v m2
µ

p
2m3

�

f (x , y),

f (x , y) =
6

x y

ï
�3+ x + y + x y
(x � 1)2(y � 1)2

+
2x log x

(x � y)(x � 1)3
+

2y log y
(y � x)(y � 1)3

ò
, (19)

where x ⌘ m2
µ̃L
/m2

� and y ⌘ m2
µ̃R
/m2

� . The function f (x , y) is a monotonically decreasing
function (along with both x and y directions) taking a valued in between zero and one.
Since the sign and size of the contribution �aL+R

µ can be properly taken to account for the
muon (g � 2) anomaly when we take an appropriate sign and value of the ‘A’ term.

Since the function f (x , y) becomes maximum taking the value of one when x = y =
1, the above contribution can be as large as �aL+R

µ = �[yL yR/(96⇡2)] [Avm2
µ/(
p

2m3
�)] '

�2⇥10�9 yL yR A(100 GeV/m�)3. Hence, the muon (g�2) anomaly can always be explained
even if the ‘A’ term is O (1�10) whenever the dark matter as well as the mediators are at the
electroweak scale. Conversely, it means that the electroweak scale WIMP and mediators,
which are nothing but interesting targets at the first stage of the future lepton colliders,
requires the size of the ‘A’ term to be O (1� 10) to explain the muon (g � 2) anomaly.

5.3 Present status and future prospects of the combined model

Present status and future prospects of the combined leptophilic WIMP model is shown in
left and right panels of Fig. 9, respectively, where the model parameters are scanned assum-
ing mẽL

= mẽR
and y4

R = 2y4
L , while imposing the constraints from the branching fraction

measurements of Higgs and Z boson decays and the electroweak precision measurements,
as mentioned in section 5.1. The color convention in the left panel is the same as those in
Fig.5. On the other hand, in the right panel, the region spread by all the points is the same
as the one spread by green points in the right panel with the color gradation indicating the
value of the ‘A’ term to explain the muon (g�2) anomaly (�aL/R

µ = 261⇥10�11). Moreover,
the projected 95% C.L. reach by the search for the direct WIMP or mediator productions at
the future lepton collider (ILC) experiment is also shown by the magenta shaded region.

It is seen from the left panel of the figure that the allowed parameter region is similar
to those of left- and right-handed mediator models discussed in the previous sections; The
region with the large mass hierarchy between the WIMP and the mediators and that with
the extremely degenerated mass hierarchy among the particles are excluded by the present
LHC experiment, and the region that these particles are mildly degenerated is presently
allowed at the electroweak mass scale of the WIMP. On the other hand, in the right panel
of the figure, the future lepton collider (ILC) experiment is possible to explore the region
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Figure 8: Diagrams contributing to the anomalous muon magnetic moment. First two diagrams are
those from the simplest leptophilic WIMP model with the left-handed mediator. Similar diagrams
for the right-mediator model can be found by swapping L with R. Last two diagrams are from the
leptophilic WIMP model with both left- and right-handed mediators, namely the combined model.
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It is seen from the left panel of the figure that the allowed parameter region is similar
to those of left- and right-handed mediator models discussed in the previous sections; The
region with the large mass hierarchy between the WIMP and the mediators and that with
the extremely degenerated mass hierarchy among the particles are excluded by the present
LHC experiment, and the region that these particles are mildly degenerated is presently
allowed at the electroweak mass scale of the WIMP. On the other hand, in the right panel
of the figure, the future lepton collider (ILC) experiment is possible to explore the region
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electroweak scale. Conversely, it means that the electroweak scale WIMP and mediators,
which are nothing but interesting targets at the first stage of the future lepton colliders,
requires the size of the ‘A’ term to be O (1� 10) to explain the muon (g � 2) anomaly.

5.3 Present status and future prospects of the combined model

Present status and future prospects of the combined leptophilic WIMP model is shown in
left and right panels of Fig. 9, respectively, where the model parameters are scanned assum-
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and y4
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value of the ‘A’ term to explain the muon (g�2) anomaly (�aL/R

µ = 261⇥10�11). Moreover,
the projected 95% C.L. reach by the search for the direct WIMP or mediator productions at
the future lepton collider (ILC) experiment is also shown by the magenta shaded region.

It is seen from the left panel of the figure that the allowed parameter region is similar
to those of left- and right-handed mediator models discussed in the previous sections; The
region with the large mass hierarchy between the WIMP and the mediators and that with
the extremely degenerated mass hierarchy among the particles are excluded by the present
LHC experiment, and the region that these particles are mildly degenerated is presently
allowed at the electroweak mass scale of the WIMP. On the other hand, in the right panel
of the figure, the future lepton collider (ILC) experiment is possible to explore the region
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Figure 9: Allowed parameter space at 95 % C.L. for the combined model. The region spread by
green points in the left panel is allowed by all the constraints discussed in section 5.1, while the one
spread by red points is excluded only by the present LHC and LEP experiment. On the other hand,
the region spread by all the points in the right panel is the same as the one spread by green points
in the right panel with the color gradation indicating the value of the ‘A’ term to explain the muon
(g �2) anomaly. Projected 95% C.L. reaches by the search for the direct mediator production at the
future lepton collider (ILC) experiments are also shown by the magenta shaded region.

with the ‘A’ term less than O (10), and it verifies our discussion in section 5.1. Hence, the
ILC experiment is expected to play a complementary role to the HL-LHC experiment for the
leptophilic WIMP and a unique role for the WIMP which explains the muon (g � 2) with
being its thermal relic abundance consistent with the dark matter density observed today.6.

6 Summary and Conclusions

Minimal and renormalizable models for a singlet Majorana fermion WIMP that interacts
only with the SM leptons via the scalar mediator(s) are considered. We did an extensive
analysis based on all robust theoretical and experimental constraints at present to show
the feasibility of the models. To start with, we considered two distinct model scenarios;
each has three generations of scalar mediators but the mediators in the first scenario are
doublet under SM SU(2)L while the other scenario has only singlet mediators under the
SU(2)L symmetry of the SM. Our choice of a Majorana fermion WIMP makes it necessary
for the mediators to carry the exact same quantum numbers as their SM lepton partners.
We considered the degenerate flavor-blind case for the sake of simplicity, and a single mass
and a coupling parameter will define all the three generations of the scalar mediators.

The most important constraint comes from the relic abundance of the WIMP. We did a
�2-analysis to find out the allowed parameter space at 95% C.L. to the experimental limit,
but including additional theoretical uncertainties that come from SM thermodynamics at the
early universe. The relic abundance constraint was further accompanied by theoretical one,
such as vacuum stability, and electroweak precision data and all relevant direct search limits
from the LEP and LHC run-II experiments. Our analysis show that at the large WIMP mass
only coannihilation mechanism with the mediator particle can survive the relic abundance
constraint and the largest allowed mass for the WIMP and the mediator can be around
1.5 TeV. We also show that the direct search limit on the scalar mediators only discard a

6In addition to the HL-LHC experiment, another experiment, the high-energy muon collider, is recently
being discussed to search for the parameter region with heavier dark matter and mediator particles [61, 62]
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Combined Model Detection

• A term of the order of 1-10 can satisfy the current muon (g-2) anomaly 
while being detectable at the future ILC.

• We scan the parameter space for degenerate left and right mediator 
masses. Sufficient assumption for future collider exploration.



Conclusions
• We discuss the minimal renormalizable model hypothesis to explain a leptophilic 

Majorana WIMP nature. A leptophilic WIMP structure can be hidden from the 
WIMP-nucleon direct detection experiment.

• In the minimal case with either a SU(2) singlet or doublet mediator scenario, the 
WIMP relic density can be satisfied by following the WIMP self-annihilation as well 
as co-annihilation mechanism. 

• We have found ample parameter space in the WIMP-mediator mass plane that 
explains the relic abundance and still allowed by other experimental and theoretical 
constraints, such as LHC direct searches. 

• We show that the ILC can play a complementary role to the High-Luminosity future 
hadron collider to probe such WIMP interaction. Finally, we discussed that a combined 
model scenario including both the doublet and singlet mediator will have additional 
advantages which can explain the enhanced anomalous muon magnetic moment. 

• We hope one day we will go from constraints to discovery!!



Thank You !
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Figure 3: The differential cross sections for the signal with m� = 40 GeV and the signal with m� =
50 GeV, and the SM background are shown with the coupling constant g��Z being fixed to be one for
several choices of the center-of-mass energy

p
s and polarizations (Pe� , Pe+). These peaks correspond

to the on-shell production of Z boson and its decaying into neutrinos or DMs, therefore green lines
(m� = 50 GeV > mZ/2) do not have any peak.

3.1.2 Optimizing the center-of-mass energy and polarizations

An important question here is how the signal can be distinguished from the background by
observing only one photon. The photon is characterized by two quantities; its energy (E�)
and the scattering angle (cos✓�). Hence, the quantitative question is on the differential
cross sections for the signal and the background processes on the plane spanned by the two
quantities. Since both the cross sections do not have a characteristic feature on the cos✓�
dependence, we focus on the E� dependence of the cross sections. The cross section at each
energy bin, d�/dE�, which is obtained by integrating the differential cross sections over
the range of | cos✓ |  0.98, is shown in Fig. 3, where those of the irreducible background
(BG), the signal with m� = 40 GeV and the signal with m� = 50 GeV, with the coupling g��Z

being fixed to be one, are depicted as blue, orange and green lines, respectively, for several
choices of the center-of-mass energy (

p
s) and polarizations (P

e
).#3 The figure shows that

the signal-to-background ratio depends considerably on the choice of
p

s and P
e
, so that it

is important to optimize these two values in order to search for the WIMP efficiently.

In order to quantify this efficiency, we consider the significance of the signal event using
the likelihood analysis with the so-called ��2 value defined by the following formula:

��2
⌘

X

i

(N
i
� N

BG
i
)2

N
BG
i

, (9)

where N
i
is the expected number of the events of the signal plus the SM background at the

‘i’-th energy bin with the bin-width of 1 GeV. We consider the range of E� � 10 GeV and
| cos✓�| 0.98 to compute N

i
s, which validates ignoring other backgrounds in our analysis

as mentioned above. The expected number of the background event is denoted by N
BG
i

,
which is computed in the same manner. In the left panel of Fig. 4, the value of ��2 is
shown for several choices of the polarizations, (P

e�
, P

e+) = (0, 0), (0.8, -0.3) and (-0.8,
#3

Pe� = ±0.8 means 90 % (10 %) of the incident electron is right-handed and the rest 10 % (90 %) is left-
handed, while Pe+ = ⌥0.3 means 65 % (35 %) of the incident positron is right-handed and the rest 35 % (65 %)
is left-handed. Note that Pe� = ±0.8 and Pe+ = ⌥0.3 are maximal polarizations that ILC can achieve [3].
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Likelihood analysis of photon energy distribution
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Figure 2: Feynman diagrams for the signal process (top-left) and irreducible background processes
(others) of the mono-photon search at lepton colliders. Here, the photon line which is not directly
touched onto other lines means that it can be from either electron or positron line at the initial state.

the WIMP. Finally, we address the present constraint on the WIMP obtained by the LEP/LHC
experiments, which will be also compared with the case of the future lepton colliders.

3.1 Mono-photon search

3.1.1 Signal and background processes

Since DM cannot be directly captured by collider detectors, we search for it indirectly
through, for instance, the observation of a recoiled SM particle against the DM pair produc-
tion. Among various channels to search for the DM, the mono-photon process (e

�
e
+
! ���)

is known to be one of the most efficient channels at the lepton colliders. The mono-photon
signal in the framework of the simplified model in eq. (4) is from Feynman diagrams shown
in Fig. 2 (the top-left diagram), where the photon line which is not directly touched onto
other lines means that it can be from either initial electron or positron line.

On the other hand, there are several SM processes contributing to the mono-photon
channel as backgrounds against the signal. One of such backgrounds is an irreducible one
coming from the neutrino pair production associated with a photon (e

�
e
+
! ⌫ ⌫̄�), whose

diagrams are also shown in Fig. 2. The Bhabha scattering process with a photon emission
(e
�
e
+
! e

�
e
+�) can also be a background if both electron and positron at the final state go

to the beam pipe direction. This background is, fortunately, reduced efficiently by consid-
ering only events with a large photon transverse momentum in the analysis. Other possible
backgrounds come from the neutrino pair production associated with more than one photon
(e
�
e
+
! ⌫ ⌫̄�s). These contributions can be taken into account as the effect of the initial

state radiation, as will be discussed in the next section. Finally, multi photon productions
from the e

�
e
+ annihilation (e

�
e
+
! �s) can be backgrounds if some photons in the final

state are failed to be detected, though these are not significant compared to the irreducible
background under an appropriate event selection [33]. We therefore only consider the irre-
ducible background as the one against the mono-photon signal.
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the WIMP. Finally, we address the present constraint on the WIMP obtained by the LEP/LHC
experiments, which will be also compared with the case of the future lepton colliders.

3.1 Mono-photon search
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tion. Among various channels to search for the DM, the mono-photon process (e
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+
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is known to be one of the most efficient channels at the lepton colliders. The mono-photon
signal in the framework of the simplified model in eq. (4) is from Feynman diagrams shown
in Fig. 2 (the top-left diagram), where the photon line which is not directly touched onto
other lines means that it can be from either initial electron or positron line.

On the other hand, there are several SM processes contributing to the mono-photon
channel as backgrounds against the signal. One of such backgrounds is an irreducible one
coming from the neutrino pair production associated with a photon (e

�
e
+
! ⌫ ⌫̄�), whose

diagrams are also shown in Fig. 2. The Bhabha scattering process with a photon emission
(e
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+
! e
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e
+�) can also be a background if both electron and positron at the final state go

to the beam pipe direction. This background is, fortunately, reduced efficiently by consid-
ering only events with a large photon transverse momentum in the analysis. Other possible
backgrounds come from the neutrino pair production associated with more than one photon
(e
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+
! ⌫ ⌫̄�s). These contributions can be taken into account as the effect of the initial

state radiation, as will be discussed in the next section. Finally, multi photon productions
from the e

�
e
+ annihilation (e
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+
! �s) can be backgrounds if some photons in the final

state are failed to be detected, though these are not significant compared to the irreducible
background under an appropriate event selection [33]. We therefore only consider the irre-
ducible background as the one against the mono-photon signal.
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Backgrounds

where the explicit form of the potential VL is given in eq. (1). First, we obtain the following
constraints because of the request that the potential must be bounded from below:

� > 0, �L > 0,
∆
��L > 2 (|�0LH |��LH). (7)

Next, since the Z2 symmetry should not be broken after the electroweak symmetry breaking
to make the WIMP stable even at the present universe, the scalar mediator should not de-
velop non-zero vacuum expectation value. Hence, we obtain the other constraint from the
request that the masses in eq. (3) must be positive with v being replaced by (�4µ2/�)1/2:

��m2
L̃/(2µ

2)> |�0LH |��LH . (8)

It is then possible to prove that our vacuum, namely the potential minimum with the vacuum
expectation value of the Higgs field being hHi= (0, v/

p
2)T while that of the scalar mediator

being h L̃i= 0, becomes a global one when the constraints (7) and (8) are satisfied.

Similar to the above, the constraints for a stable vacuum in the right-mediator model is

� > 0, �R > 0,
∆
��R > ��RH , ��m2

R̃/(2µ
2)> ��RH , (9)

which also make the vacuum (stable) as the global minimum of the potential.

3.2 Astrophysical and cosmological constraints

3.2.1 Relic abundance

In the early universe, the WIMP was in thermal equilibrium with all the SM particles residing
in the thermal bath, and its abundance is determined by the so-called ’freeze-out’ mecha-
nism. The amount of thermal relic of the WIMP can be theoretically estimated by solving
the Boltzmann equation. On the other hand, the mean mass-density of the cold dark mat-
ter content of the present universe is measured by the Planck experiment that observes the
cosmic microwave background as well as by other astrophysical observations [27]:

⌦h2 = 0.120± 0.001. (10)

Weak-scale interaction for thermal WIMPs can easily obtain the correct relic abundance with
a thermally averaged annihilation cross-section into SM particles of h�vi= O (1) pb.

In our case, when the scalar mediator is much heavier than the WIMP, the leptophilic
WIMP only annihilates into the SM leptons and contributes to the relic abundance, as shown
by the top-left diagram in Fig. 1 for the left-mediator model. In this limit, the WIMP annihi-
lation cross section only depends on the WIMP mass (m�), the mediator mass (mẽL

& m⌫̃L
or

mẽR
) and the Yukawa coupling (yL or yR) for the left- or right-mediator model, respectively.

On the other hand, when the mediator mass and the WIMP mass are degenerate within 10%,
the relic density is controlled by co-annihilation processes [28]. The scalar quartic couplings
between the mediator and the SM Higgs also become important in this limit for the relic
density calculation, as shown by several diagrams in Fig. 1 for the left-mediator model. In
our analysis, we have scanned over the model parameter space considering both the limits
that yield the correct relic abundance by the WIMP self-annihilation and the co-annihilation
processes. The relic density is calculated utilizing the code micrOMEGAs-v5 [29].

Uncertainty at the relic density calculation due to SM thermodynamics has recently been
estimated [22, 23], where it is shown that the uncertainty of the effective massless degrees
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Vacuum stability constraint
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