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The leptophilic weakly interacting massive particle (WIMP) is realized in a minimal renormalizable
model scenario where scalar mediators with lepton number establish the WIMP interaction with the
standard model leptons. We perform a comprehensive analysis for such a WIMP scenario for two distinct
cases with an SU(2) doublet or singlet mediator, considering all of the relevant current theoretical,
cosmological, and experimental constraints. We show that monophoton searches at near-future lepton
collider experiments (ILC, FCC-ee, CEPC, etc.) can play a significant role in probing the yet unexplored
parameter range allowed by the WIMP relic density constraint. This will complement the search prospects
at the near-future hadron collider experiment HL-LHC. Furthermore, we discuss the combined model
scenario including both the doublet and singlet mediators. The combined model is capable of explaining the
long-standing muon g — 2 anomaly, which is an additional advantage. We demonstrate that the region
allowed by the latest muon (g — 2) result, which has been updated very recently at Fermi National
Accelerator Laboratory, can also be probed at future colliders and thus will be a simultaneous

authentication of the model scenario.

DOI: 10.1103/PhysRevD.104.055001

I. INTRODUCTION

A weakly interacting massive particle (WIMP) has been
one of the most accepted particle candidates for dark matter
(DM) in the past few decades, as it can naturally explain
the DM abundance in the current Universe through the
standard thermal freeze-out mechanism [1,2]. The mass
of a WIMP particle can vary between O(1) MeV [3,4] and
O(100) TeV [5-14]. Specifically, a WIMP with mass of
the order of the electroweak scale is the most compelling
option, as a plethora of beyond-the-standard-model (BSM)
scenarios—such as supersymmetric extensions, extra
dimensions, etc.—provide a valid WIMP candidate along
with solving the naturalness problem of electroweak
symmetry breaking. In the general freeze-out scenario,
the WIMP candidate is assumed to have interactions with
the SM particles such that, in the early Universe at high
temperature, the WIMP was in thermal equilibrium with all
of the other primordial bath particles. However, the rate of
interactions of the DM particle with the SM particles should
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be enough to explain the current abundance of the DM
candidate in the present Universe, namely, the relic density.

On the other hand, such interactions become useful for
probing the nature of WIMP DM at collider and under-
ground (direct-detection) experiments. Current DM direct-
detection and collider experiments, however, rely mostly on
the WIMP’s interactions with the SM quarks, and if the
WIMP predominantly interacts with the SM leptons, the
current experimental efficiency is insufficient to probe
such interactions. This kind of WIMP with dominant
interactions with the SM leptons is generally called a
“leptophilic WIMP” [15-20], and in this article we analyze
aspects of such a leptophilic WIMP that interacts with the
SM leptons via some mediator particles, utilizing minimal
and renormalizable models.

In general, a WIMP can be classified in terms of its
quantum numbers, i.e., its spin and weak isospin quantum
numbers [21]. In our study, we consider a SU(2), singlet
and spin-half Majorana fermion as our desired leptophilic
WIMP particle, which is stabilized by an additional Z,
symmetry. Then, it turns out that an additional new particle
called the mediator must be introduced to have a renorma-
lizable interaction between the WIMP and the SM leptons,
and it must be bosonic in nature. In the minimal renorma-
lizable extension of the SM, one can either have three
generations of SU(2),-doublet scalar mediators corre-
sponding to the left-handed leptons, or three generations
of SU(2), -singlets corresponding to the right-handed SM
leptons. The quantum numbers of the scalar mediators will
follow that of their SM lepton partners, and these must be
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odd under the new Z, symmetry. It is to be mentioned that
we only focus on lepton-flavor-conserving interactions of
the DM particle.

In view of the above model specification, we first consider
two individual model scenarios with either the doublet or
singlet mediators, and perform a comprehensive analysis
considering all robust theoretical, cosmological, and exper-
imental constraints. The theoretical constraint involves the
vacuum stability conditions on the scalar potential with the
extra scalar mediators. We carefully discard the parameter
space that gives an unstable vacuum by choosing correct
scalar quartic couplings. On the other hand, the current
experimental constraint includes the relic abundance of the
WIMP measured by the Planck Collaboration and limits
from the LEP-II and LHC run II experiments. First of all, the
relic abundance of the leptophilic WIMP for the low mass
region O(GeV) can be achieved with the proper tuning of
WIMP-lepton Yukawa couplings. However, at larger WIMP
masses of O(TeV), the coannihilation of the WIMP with the
scalar mediators will be the key mechanism to obtain the
correct relic abundance. In calculating the relic abundance,
we properly take into account the effect of the SM
thermodynamics in the early Universe [22,23]. It is to be
noted that our scenario consists of a singlet Majorana WIMP
and scalar mediators with lepton numbers which resemble
the R-parity-conserving minimal supersymmetric scenario
of the bino-slepton coannihilation. We thus include the
current 95% C.L. exclusion limit on the bino-slepton mass
from LEP-II and the latest LHC 13 TeV run-II results.
Additionally, extra constraints coming from the Higgs-to-
diphoton decay mode and from the oblique 7-parameter
constraint (for the doublet mediator scenario) are also
implemented.

In the next part, we discuss the future prospect of the
leptophilic WIMP. Here, the future high-luminosity LHC
(HL-LHC) experiment is expected to probe a part of the
unexplored parameter region covering a nondegenerate and
highly degenerate WIMP-mediator mass region. Thus, we
consider future lepton collider experiments as a competent
alternative that can probe a mildly degenerate mass region
as well. We perform a detailed analysis for monophoton
searches' for WIMP pair production at the ILC experiment
and explore the reach of the searches at 95% C.L at the
ILC-250 GeV. We find that the ILC can give a comple-
mentary detection prospect to the future HL-LHC experi-
ment for such a leptophilic WIMP.

Finally, we discuss the combined model scenario where
both the doublet and singlet scalar extensions to the
leptophilic WIMP are studied. The model can be preferred
over the others as it can also explain the discrepancy
between theory and experiment in the anomalous muon
magnetic moment. We find the allowed parameter space

'For mono-Higgs searches at the ILC experiment in a similar
scenario, please refer to Ref. [24].

that explains both the muon g — 2 anomaly and WIMP relic
abundance. Finally, we perform the same monophoton
search analysis for the combined model, and find that the
ILC-250 GeV can validate the parameter space that can
explain the muon g—2 anomaly. This is an interesting
finding as the muon anomaly has persisted at the Fermilab
[25] experiment, and thus the monophoton search at the ILC
will provide an additional clue to the leptophilic WIMP.

The paper is arranged as follows. In Sec. II we describe
the Lagrangian for the SM gauge singlet Majorana fer-
mionic WIMP and its leptophilic interactions via the scalar
mediators, explaining all relevant parameters of the poten-
tial. We address each mediator type in separate subsections.
Next, in Sec. III we discuss all of the present relevant
constraints, starting from the vacuum stability conditions,
relic abundance condition, and the current constraints
from the LEP and LHC experiments. We show the allowed
parameter space for each model that satisfies all of the
current constraints. In Sec. IV we analyze the current
allowed parameter space at future colliders, with an
emphasis on the monophoton searches at ILC 250 GeV.
We discuss the complementarity between the future hadron
and the lepton colliders. Finally, in Sec. V we discuss the
combined model scenario consisting of both the doublet
and singlet mediators. Here, we present the calculation for
the anomalous muon magnetic moment and show the
allowed parameter space capable of explaining the exper-
imental anomaly. Additionally, we repeat the monophoton
analysis at the ILC for the combined model and
discuss the prospect of the simultaneous validation of
the model parameter space at the ILC that also explains
the anomaly. Last, in Sec. VI we summarize our findings
and conclude.

II. MINIMAL MODELS OF THE
LEPTOPHILIC WIMP

We consider minimal and renormalizable models to
explore the interaction of a singlet Majorana fermion
WIMP that only interacts with the SM Ieptons. In the
simplest system composed of the WIMP and SM particles,
no renormalizable interactions exist due to the presence of
the SM gauge symmetry and the newly imposed Z,
symmetry making the WIMP stable. The WIMP (SM
particles) is charged odd (even) under the Z,. Hence, an
additional new particle, called a mediator, is introduced.
Possible quantum numbers that allow the mediator to have
a renormalizable interaction between the WIMP and SM
leptons are as follows™:

*All of the cases lead to the four-point effective interaction
()‘(yﬂyy()(? iy"¢;), with y and ¢; denoting the Majorana WIMP
and the SM leptons with generation index, if the mediator mass is
larger enough than the WIMP mass and electroweak scale and
integrated out from their original (renormalizable) theories.
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Mediator Type ~ Spin ~ SU(3),  SU(2), U(l), Z,
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

A similar approach for constructing dark matter models
considering the full SM gauge symmetry and renormaliz-
ability taking appropriate mediators into account has been
first proposed in Ref. [26], and it has fixed various
problems of dark matter effective field theories as well
as dark matter simplified models that were widely used
for a long time to interpret the data on dark matter
searches at various experiments and observations.
Though their study was mainly focused on interactions
between dark matter and quarks, as also pointed out in the
reference, it is straightforward to apply this approach to
the leptophilic case.

Renormalizable models including a vector mediator are
complicated in general, as they should contain the “Higgs
mechanism” to make the mediator massive and a few new
(chiral) fermions need to be introduced to make the models
anomaly free [27,28]. We therefore focus on the models
with scalar mediators in this article: the mediator particle is
either a SU(2) scalar doublet with U(1) hypercharge —1/2
(Q =Tz +7Y) [called a left(-handed) mediator] or a SU(2)

|

scalar singlet with U(1) hypercharge —1 [called a right(-
handed) mediator]. Analogous to the three generations of
SM leptons, for each case there are three scalar mediators
corresponding to each lepton flavor. For the sake of
simplicity, we consider a flavor-universal scenario in this
article and define the scalar masses by only one degenerate
mass parameter. We discuss this further in the following
sections.

Then, in the following sections we discuss the phenom-
enology of individual model perspectives with left or right
mediators. The effect of introducing both types of medi-
ators is also discussed in a later part of Sec. V, including our
motivation.

A. Left-mediator model

The left mediator is a SU(2) scalar doublet that has
charged and neutral components analogous to the left-
handed charged lepton and neutrino in the SM. The
complete Lagrangian including the three generations of
left mediators consists of two additional parts besides the
usual SM Lagrangian (L)) and the kinetic terms of the
WIMP and the scalar mediators. These are, respectively,
the interaction between the WIMP and the mediators
(denoted by Lpy;) and the scalar potential (denoted by
V) describing the self-interactions of the new scalar
doublets and their interactions with the Higgs boson:

1_ . - . -
Ly = Ly + 5)_((1@ —m, )y + (Dy L) (Dy,L;) + Lomr — ViL(H, L),

Lomz = =y LiLiy +He.,

- A~ - e M
vV, =m|L|* + ZL \Li|* 4+ 2| LI HP? + 2 (LIe°Ly) (H 29 H) + % (LTH)? +Hec.|, (1)

where a summation over the repeated indices is implicitly
assumed, and the index i spans lepton flavors (e, u, 7).
Additionally, y is the WIMP, L; is the SM lepton doublet, H
is the Higgs doublet (H¢ = io,H*), L; is the scalar
mediator doublet whose quantum numbers match with
L;, ¢ is the Pauli matrix, and D’z 1s the covariant derivative
acting on L;.

Since we are assuming lepton flavor universality, the
Lagrangian parameters y;, mj, Ay, Ay, Ay, and ], are
common in different flavors. To avoid sizable contributions
to tiny neutrino masses we impose lepton number sym-
metry, or, to be more precise, the B — L symmetry in the
model. This is equivalent to assigning the lepton quantum
number to the mediator particles, and thus terms propor-
tional to A7, are prohibited. After electroweak symmetry
breaking, with v ~ 246 GeV being the vacuum expectation
value of the Higgs field, the physical masses of each
component of the scalar mediator doublets are given as

2

v

mz, = (Au +Ay) >t m3, (2)
2 v? 2

mg, = (ALw = Apy) = +m3, 3)

2

with L; = (¥, ). The nomenclature of the physical
masses are analogous to the superpartners of the leptons in
supersymmetric standard models, namely, the sleptons.

B. Right-mediator model

Akin to the left-mediator model, one can write down
the full Lagrangian for the right-mediator model, where
instead of doublets the mediators are SU(2) singlets
with the same quantum numbers as the right-handed
SM charged leptons. The explicit form of the
Lagrangian is
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1_ . - -
Lr = Lgu + 5){(1@ —m,)y + (DxR,)"(Dg,R;)
+ Lpmr — Vr(H.R;).
Lpomg = —yrERyx + Hec.,

- Ap  ~ -
Vi = m%|Ri‘2 + ZR IR:|* + Agu|R;|*| H

2 4)

where E; is the SM charged lepton singlet, R; is the
scalar mediator singlet whose quantum numbers resem-
ble E;, and D% is the covariant derivative acting on R;.
Here we also consider that all of the parameters yg, mp,
Ar, and Apy are the same for different lepton flavors.
Taking the same nomenclature as above, the physical
masses of the right mediators are given by

v

III. PRESENT STATUS OF THE
LEPTOPHILIC WIMP

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

A. Theoretical constraint

Since we introduced new scalar fields in the leptophilic
WIMP models as the mediators, 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 V;, and it is given by

y A .
VIH. L) = w2 [H* + 7 [H[* + VL(H, L), (6)

where the explicit form of the potential V; is given in
Eq. (1). First, we obtain the following constraints because
of the requirement that the potential is bounded from
below:

A>0, AL >0, My > 2|4yl = Aew)- (7)
Next, since the Z, symmetry should not be broken after
electroweak symmetry breaking to make the WIMP stable
even in the present Universe, the scalar mediators should
not develop nonzero vacuum expectation values. Hence,
we obtain the other constraint from the requirement that
the masses in Eqgs. (2) and (3) are positive with

v = (~4y2 /1) V%

—im [ (2u*) > Ayl = Ay (8)

It is then possible to prove that our vacuum—namely,
the potential minimum with the vacuum expectation value

of the Higgs field being (H) = (0, v/+/2)" and that of the
scalar mediator being (L) = O—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 are

A>0, Ag >0, Mp > =2rH,
—/lmé/(Zyz) > —ArH> )

which also makes the stable vacuum the global minimum of
the scalar potential.

B. Astrophysical and cosmological constraints

1. Relic abundance

In the early Universe, the WIMP was in thermal
equilibrium with all of the SM particles residing in the
thermal bath, and its abundance is determined by the so-
called “freeze-out” mechanism. The thermal relic abun-
dance of the WIMP can be theoretically estimated by
solving the Boltzmann equation. On the other hand, the
mean mass density of the cold dark matter content of the
present Universe was measured by the Planck experiment,
which observes the cosmic microwave background, as well
as by other astrophysical observations [29]:

Qh? = 0.120 £ 0.001. (10)

Weak-scale interactions for thermal WIMPs can easily
obtain the correct relic abundance with a thermally aver-
aged annihilation cross section into SM particles of
(ov) = O(1) pb.

In our case, when the scalar mediators are much heavier
than the WIMP, the leptophilic WIMP only annihilates into
the SM leptons and contributes to the relic abundance, as
shown in the top-left diagram in Fig. 1 for the left-mediator
model. In this limit, the WIMP annihilation cross section
only depends on the WIMP mass (m,), the mediator mass
(mgle & mg, Or ng[_), and the Yukawa coupling (y; or yg)

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
coannihilation processes [30]. The scalar quartic couplings
between the mediators 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 scan over the model parameter
space considering the limits that yield the correct relic
abundance from both the WIMP self-annihilation and
coannihilation processes. The relic density is calculated
utilizing the code micrOMEGAs-vs [31].
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FIG. 1.

Some illustrative Feynman diagrams for self-annihilation and coannihilation processes to calculate the relic abundance of the

WIMP in the left-mediator model. Red vertices correspond to Yukawa coupling y;, while purple vertices are proportional to the scalar
coupling 4; . For the right-mediator model, &;. should be replaced by g, and there is no neutral partner.

The uncertainty in the relic density calculation due
to SM thermodynamics has recently been estimated
[22,23], where it was shown that the uncertainty of the
effective massless degrees of freedom can be as large
as 10%, depending on the temperature of the Universe.
This in turn induces an O(5%) uncertainty in the WIMP
density during the freeze-out. We have incorporated this
uncertainty in micrOMEGAs using the data provided
in Ref. [23].

2. Direct and indirect detections

Direct dark matter detection is known to be a
very powerful tool in searches for various WIMP candi-
dates. The detection, however, relies on the (coherent)
scattering between the WIMP and a nucleus, which is
not efficient for leptophilic WIMPs. Here, one might
think that such a scattering emerges radiatively through
one-loop diagrams even in the Ieptophilic 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 present and near-future detectors when the
leptophilic WIMP is a Majorana fermion [32]. Hence,
we do not include any constraints from direct WIMP
detection in our analysis.

On the other hand, indirect dark matter detection is known
to be a very useful tool in searches for WIMP candidates
irrespective of 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 in the present Universe. Therefore, indirect
WIMP detection constraints are also irrelevant to our
scenario.

C. Collider constraints

1. Direct mediator production at LHC
and LEP experiments

It is difficult to directly probe the WIMP at current LHC
experiments, since it is a gauge singlet and interacts only
with the SM leptons. On the other hand, the mediator
particles are charged under SM gauge interactions and
accessible at both lepton and hadron colliders. To evaluate
the constraints from collider experiments on the leptophilic
models, we can directly use the limits relevant for super-
symmetric particles. This is because the leptophilic models
become the same as the (R-parity-conserving) minimal
supersymmetric model (MSSM), with the lightest and next-
to-lightest supersymmetric particles being the bino and the
(degenerate) sleptons, respectively, while other sparticles
are decoupled, when we fix the parameters of the lepto-
philic models to be y, =¢/vV2, A = (F#+¢%)/2,
Aoy = g?cos(2p), Apy = g*cos(2p)/4, 2, =0, and
Yr = V2¢, Ag =2¢7% and Agy = —242cos(2f8).” Here,
g and ¢ are the SU(2), and U(1), gauge couplings,
respectively, while tan £ is the ratio of the vacuum expect-
ation values of the two Higgs doublets in the MSSM. On
the other hand, the sleptons are produced by electroweak
Drell-Yan processes at collider experiments and decay into
the bino and a SM lepton with a 100% branching fraction.
Hence, the signal strength does not depend on the Yukawa
and scalar interactions addressed above, and we can
directly use collider limits on the supersymmetric particles
to evaluate collider constraints on the leptophilic models.

The MSSM has two Higgs doublets that makes the model free
from quantum anomaly. Therefore, to make a comparison
between the MSSM and the leptophilic models, we take the
decoupling limit in MSSM Higgs sector.
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FIG. 2. 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 and 13 TeV) and LEP-II experiments.

The LEP experiment has searched for supersymmetric
(electrically) charged sleptons, which decay dominantly to
a charged SM lepton and a bino-like lightest supersym-
metric particle (a Majorana fermion) [33]. As a result, the
LEP experiment excluded the right-handed smuon, the
super partner of the right-handed muon, with a mass below
94 GeV for a neutralino-smuon mass gap above 10 GeV
[34]. This is a model-independent bound on leptonic
charged scalars in our case, as mentioned above. We
therefore impose this bound on both the right mediators
and (as a conservative limit) the left mediators. The regions
excluded by LEP for each charged slepton are also shown
as the gray shaded areas in Fig. 2.

The LEP experiment has also searched for supersym-
metric neutral sleptons, i.e., sneutrinos, where each sneutrino
decays into a neutrino and the lightest neutralino. The
model-independent bound on the mass of such a sneutrino
is from the invisible decay width search for the Z boson, as
discussed in the last part of this subsection. On the other
hand, it is also possible to search for sneutrinos using the
monophoton channel caused by their pair production asso-
ciated with a photon [35]. However, in our models, the Drell-
Yan process via the s-channel exchange of the Z boson is the
only process that contributes to the monophoton signal, i.e.,
the other process via the #-channel exchange of the chargino
does not contribute to the signal. As a result, no additional
constraint on the sneutrino mass—which is more severe
than the model-independent bound mentioned above—is
obtained at the LEP experiment due to the smallness of the
signal cross section [36]. Hence, we do not include the
constraint obtained from the sneutrino pair production
associated with a photon in our analysis.

The LHC experiments have also looked for such
simplified scenarios where charged sleptons with a
100% branching ratio into their SM lepton partners and
a WIMP (a bino-like lightest supersymmetric particle) can
be produced. After LHC Run-2 at a center-of-mass energy
of 13 TeV, the ATLAS Collaboration reported the 95%
exclusion limit on both left- and right-handed sleptons
(selectrons and smuons) at 139 fb~! luminosity for a

slepton-neutralino mass difference greater than 80 GeV
[37]. A dedicated search for compressed spectra where the
slepton-neutralino mass difference is as low as 550 MeV
for a slepton mass around 70 GeV was also performed, and
the 95% C.L. exclusion limit was presented [38]. In the left
and middle panels of Fig. 2, we show this excluded region
for selectron and smuon pair production as the yellow and
green shaded regions for the left- and right-handed slep-
tons, respectively. The earlier limit from the 8 TeV LHC run
is also included in the contours. For comparison purposes,
we also show the excluded region for stau production (left-
handed stau production and left- + right-handed stau
production) [39,40] in the right panel of Fig. 2. As seen
from the excluded region for the stau, the constraints from
the stau searches are weaker than those of the selectron and
smuon. Here, we would like to recall 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.

Neutral sleptons, i.e., sneutrinos, have also been pro-
duced at the LHC by the electroweak Drell-Yan process,
and the experiment is able to give some constraints on
the sneutrinos if their decays produce enough visible
particles [35]. The sneutrinos in our models, however,
decay invisibly, i.e., each sneutrino decays into a neutrino
and dark matter, with a 100% branching ratio, and one
possible way to search for the sneutrinos is the so-called
mono-X search, with X being a jet, photon, etc. Such
signals have been intensively studied in Ref. [41], and no
constraint stronger than that from the invisible Z-boson
decay width search was obtained. Hence, we do not include
such a constraint in our analysis.

2. Radiative correction to the Higgs decay
into diphoton

With the accumulation of more data, the Higgs data at
the LHC has been updated with unprecedented accuracy
and it shows an increasing affinity for the SM value. In our
model, the tree-level Higgs decay branching ratio will
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FIG. 3.
measurement (left) and oblique 7-parameter constraint (right).

exactly follow the SM value. However, the left and right
charged mediator can significantly contribute to the loop-
induced Higgs-to-diphoton decay [42—44]. The latest con-
straint on the Higgs-to-diphoton signal strength is given by
the CMS Collaboration as u,, = 1.181|7 [45]. The signal
strength is defined as the ratio of the Higgs production cross
section times its branching ratio to the di-photon mode with
the corresponding SM value. Since the exotic charged
mediator does not contribute to the production channel and
considering that the total decay width only changes
negligibly due to the diphoton mode, the signal strength
in our case can be approximated as the ratio of the partial
decay width of the Higgs-to-diphoton decay and its SM
value. Now, the charged mediator coupling to the SM
Higgs is given by the scalar quartic couplings (4, 5 + A )
|

200
— 100
3
° |
5 0 Allowed by T-parameter
5 |
£ -100
—200

200 400 600 800
ms, (GeV)

i

1000

The white region depicts the allowed parameter space at 95% C.L. from the current Higgs-to-diphoton decay width

for the left mediator and Agzy for the right mediator [46].
In Fig. 3, we show the excluded parameter space at 95%
C.L. in the charged mediator mass vs Higgs to charged
mediator coupling plane as the red-shaded region.

3. Electroweak precision measurements

In the left-mediator case, the scalar mediators are doublets
under the SU(2), gauge group. Therefore, they can signifi-
cantly contribute to the self-energy of the SM electroweak
gauge bosons, and an additional constraint from the so-
called oblique T-parameter value that combines the electro-
weak precision data should be considered [47-49]. The
contribution to the 7" parameter from each generation of the
left-mediator particles is given as follows [50]:

2 2

2 2
1 mz,, + mg,
2 2

B (maLi - maL[_)z [2 (mg,

_mﬂL.)z 0 mg —mg |4 1
()] )

167%2av?

where a is the fine-structure constant. We see that, when the
charged and neutral mediator particles are nearly degen-
erate in mass, the 7 parameter depends not on their absolute
masses but on the mass difference between them at leading
order. Since we have three generations of degenerate scalar
mediators, all of them will contribute to the 7" parameter
and put a stringent constraint on the mass splitting between
the charged and neutral mediator particles. In the right
panel of Fig. 3,we show the 95% C.L. excluded region on
the plane of charged mediator mass vs the mass gap
between the charged mediator to the neutral mediator,

where the latest value of the T-parameter constraint from
new physics AT = 0.05 £ 0.06 is used [34]. As seen in the
figure, one can not get a mass gap larger than 80 GeV for
the charged scalar mass of interest.

4. Invisible Higgs and Z-boson decays

We have another constraint on the left mediators from
precision Higgs and Z-boson invisible decay measure-
ments. Although the LEP constraint demands that the
charged components of the left mediators be at least greater
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than 90 GeV, there is no severe constraint on the mass of
the neutral components. If the mass of neutral components
is smaller than half of the Higgs or Z-boson mass, there
is a decay channel such as h — Dy 0 — yyviv; or
Z - b u;, — xxviv;. These processes contribute to the
invisible decay width of the Higgs or Z boson as

2
- (Arw — ML) i,
T(h ) — I=—5 (12
( _)ULI'UL:') 167‘["’1;, m%l ( )
4m? N\ 32
o amy VL
r(z P = )
(Z—0,01,) 48sin29Wcoszt9w< m%>
(13)

where m;, and m; are the Higgs and Z-boson masses,
respectively, a is the fine-structure constant, and 6y, 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 current value from the LEP
experiment is N, = 2.9840 £ 0.0082 [51], which restricts
the mass of the neutral component to be larger than half
of the Z-boson mass (m;, > my/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

30(h — 0,7
[(h— SMs) +30(h — 5,,5;,)’

Binv = ( 14)

with I'(h — SMs) ~4.1 MeV [52]—is constrained to
be Bi,, <0.13 by the ATLAS Collaboration [53]. The
constraints from invisible decays of Higgs and Z bosons
are summarized in Fig. 4 in the (m,;Li,ALH) plane, and we

include them in our analysis.

D. Constraints from anomalous magnetic
moments of leptons

As we will discuss in more detail in Sec. V B, the
leptophilic WIMP models inherently predict a contribution
to anomalous magnetic moments of leptons, such as the
muon and electron. At present, experimental data concern-
ing the moments gives [25,54,55]

Aa, = a® —a™M =251(59) x 1071, (15)

Aa, =a;” —

atM = —88(36) x 10714 (16)
in terms of the deviation from the SM prediction. As we
will also show quantitatively in Sec. V B, both the left- and
right-mediator models predict negligible contributions to
the anomalous magnetic moments, i.e., they are smaller

0.500

0.100
0.050

Arw— Nyl
Z-inv decay

Higgs-inv decay

0.010
0.005

0'00140 45 50 55 60 65 70

m,;Li (GGV)

FIG. 4. Constrains on the Higgs invisible decay width from
LHC(blue shaded) and on the Z-boson invisible decay width
from LEP(orange shaded).

than the size of the errors shown above. This means that
both models are unable to explain the anomalous magnetic
moment of the muon (if we take the 40 discrepancy
between the experimental result and the SM prediction
seriously). On the other hand, the discrepancy for the
anomalous magnetic moment of the electron is around the
20 level, and thus it should be used to constrain the models.
However, the contributions to the moment of the electron
from the models are negligibly small, so we do not have
serious constraints from the Aa, result.

E. Present status of the leptophilic WIMP

Following all of the constraints in the previous subsec-
tions, we set the range of the scan for the model parameters.
First of all, we require that the mediator mass be greater than
the WIMP mass, i.e., m, < {m;, ,m méR[}, and fix the

e,
quartic parameters A; , A4z = 1 which do not contribute to any
physical observables and are only required to be positive
from the vacuum stability conditions given in Sec. Il A. The
other relevant parameters are varied as

o

gl <10yl <1 90 GeV <mj <2 TeV,
Img, —my, | <80 GeV,  m; > 45GeV,

Arul <1, el <1, 90 GeV <m;, <2 TeV,

1 GeV < m, <2 TeV. (17)

Note that the mass gap between the two components of
the SU(2) doublet in the left-mediator model takes care
of the oblique T-parameter constraint in Fig. 3. For
collider, Higgs-to-diphoton, and Higgs-to-invisible con-
straints, we use the 2¢ exclusion contours on our scanned
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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. (17), incorpo-
rating constraints on the scalar quartic couplings from
Higgs-to-diphoton and Higgs-to-invisible width searches
shown in Fig. 3 as well as the theoretical constraint in
Sec. IIT A. The scanning is done with the help of the tool
emcee [56] to make a proper sampling. The allowed
parameters are then passed through the micrOMEGAs code
to perform 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 the parameter space allowed by the relic
abundance constraint, we perform a y? analysis consid-
ering the 20 uncertainty in the theoretical calculation and
choose the central value at Qh?> = 0.120 from the Planck
experimental data.

In Fig. 5 we show the presently allowed parameter
space in the (méLi (x,)> m,,) plane for the left-mediator (top-
left panel) and right-mediator (top-right panel) models.
The regions covered 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 mediators can satisfy the correct
relic abundance via the coannihilation mechanism. In this
coannihilating mass region, the scalar quartic coupling of

Satisfying all constraints
1000 » Excluded by LHC and LEP e
= 500 ]
S
= 100 ]
= 50 ]
10 Left-mediator model
100 200 500 1000 2000
me,, [GeV]
Satisfying all constraints
1000 = Excluded by LHC and LEP
= 500
S
= 100
s 50
10 Left-mediator model

05 0.0 05 1.0
yL

the mediators becomes effective and the correct relic
abundance for the largest WIMP mass is achieved for
the largest value of the scalar coupling Az g (rp) ~ 1, which
renders an upper bound on the coannihilating mass range at
1.5 TeV. On the other hand, at small WIMP mass, the
Yukawa coupling needs to be large enough to keep the
annihilation cross section around 1 pb. This is because
the WIMP and the mediators are still required to be (mildly)
degenerate in mass, so that the annihilation cross section is
proportional to ~y} (y%)/m2 (with m,, ~ M;, (z,,)) unless the
coannihilation comes into play. This fact can also be seen
in the bottom panels of Fig. 5, where the presently
allowed parameter space in the (y,(yg),m,) plane is
shown. In the left-mediator model, the coannihilation
plays 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 (7, ) in the left mediator model allow
heavier WIMPs of correct relic abundance obtained via
the WIMP self-annihilation process.

Furthermore, the regions covered by red points in all of
the panels of the figure depict the regions excluded only by
the direct searches of the scalar mediators at LHC and LEP
discussed in Sec. III A 1. As expected, a significant region
with non-degenerate masses has already been excluded by
the searches, while the degenerate mass region still survives
that can be easily probed at the future lepton colliders, as
discussed in the following section.

T T T T T
Satisfying all constraints
= Excluded by LHC and LEP E

Right-mediator model

100 200 500 1000 2000
Mep, [GeV]
| Satisfying ail constraints!
= Excluded by LHC and LEP E

Right-mediator model

05 0.0 05 1.0
YR

—1.0

FIG. 5. Allowed parameter space at 95% C.L. from theoretical and experimental constraints in the (m,, m;, (;, )) plane (top panels)
and (y, (yg).m,) plane (bottom panels) for the left-mediator (left panels) and right-mediator (right panels) models, respectively. See text

for details.
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FIG. 6. The shaded region depicts the projected reach of parameter space at 95% C.L. from the Higgs-to-diphoton (left) and Higgs-to-

invisible (right) decay width measurements. See text for details.

IV. FUTURE PROSPECTS OF THE
LEPTOPHILIC WIMP

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

A. Expected sensitivity at future colliders

1. Radiative correction to the Higgs decay into diphoton

Future projections of the Higgs-to-diphoton decay mode
predict that it will reach an accuracy of around 2% at the
HL-LHC [57]. Therefore, the coupling of the charged
scalar mediators to the Higgs will be further constrained.
In Fig. 6 we show the projected sensitivity of the Higgs-to-
diphoton searches at the HL-LHC assuming that the
uncertainty will be reduced to 2% while the central value
is equal to the SM value.

2. Invisible Higgs boson decay

The measurement of the invisible Higgs decay width will
be updated at the HL-LHC in the near future, and it is
expected to be further improved at the ILC. Assuming that
no new physics signals are observed at the measurements,
the constraint on the branching fraction of the invisible
Higgs decay width will be obtained as [58]

{ 0.019  [HL-LHC], (18)
™= 10.0026 [250 GeVILC].
With these expected limits, the projected sensitivities of

measuring the invisible Higgs decay width at the HL-LHC
and ILC are shown in Fig. 6 in the (m;,,4,y) plane.

3. Direct mediator production at the HL-LHC

No projected reaches have been reported by the HL-LHC
working group for direct slepton pair production except for
those of stau production [59], which are shown in Fig. 7
as blue and orange thin lines (95% C.L. expected reach).
These two lines (named cases 1 and 2) correspond to the
results of two different analyses: one assumes that system-
atic uncertainties at the HL-LHC (14 TeV and 3 ab™') will
decrease compared to the LHC Run-2 (case 1), while the
other assumes that the uncertainties at the HL-LHC are
the same as those in Run-2 (case 2). Future projected limits
on selectron and smuon pair production are currently not
available and they are expected to be stronger than the stau
pair production, though it is not trivial how efficiently the
searches cover the degenerate mass region between the
mediator and dark matter.

4. Direct mediator production at the ILC

Direct pair production of charged mediators at the ILC
was intensively studied in Ref. [60] within the context of
supersymmetric (SUSY) models. Among various charged
mediators, the production of mediators associated with the
muon, i.e., smuon-type mediators, offers the most sensitive
search for both the left- and right-mediator models.
According to the reference, it turns out that a mediator
mass less than 250 GeV, i.e., My e <125 GeV, is

covered at the ILC with 250 GeV center-of-mass energy
and 500 fb~! luminosity.

5. Monophoton search at the ILC

When the WIMP mass is lower than half of the center-
of-mass energy at the ILC, the monophoton (y) channel
works effectively because relatively large Yukawa cou-
plings y; /g are required to achieve the observed relic
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The allowed parameter space for the left- and right-mediator models is shown in the left and right panels, respectively. The

region covered by points is allowed by all of the constraints discussed in the previous section, while that covered by magenta points is the
projected 95% C.L. reach at the 250 GeV ILC taking both the mediator and monophoton searches into account. Blue and orange lines
are the expected 95% C.L. reach of the direct stau pair production at the HL-LHC based on two assumptions concerning systematic

uncertainties. See the text for more details.

density. However, when the WIMP and the mediators are
degenerate, it becomes difficult to search for the WIMP
using the mono-y channel because the couplings can be
small due to the coannihilation mechanism. In such a case,
we can use the direct pair production of charged mediators
addressed above and the channel with pair creation of neutral
mediator particles with an additional high-energy photon. In
the latter case, the mediator will finally decay into a neutrino
and a WIMP, and thus it can be counted as mono-y’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 will also have a severe constraint on the coannihi-
lation region. The main background for the monophoton
signal is due to the pair creation of neutrinos with an
additional photon. We calculated the cross sections of the
signal and the background for each energy bin by integrating
analytic formulas of the differential cross sections. In order
to suppress other backgrounds, we set the conditions
E, > 10 GeV and cos 6, < 0.98, where E, and 6, are the
energy and polar angle of the photon, following a similar
prescription to Ref. [61].

B. Future prospects of the leptophilic WIMP

We show the projected reach of the ILC in the mediator—
WIMP mass plane for the left- and right-mediator models in
the left and right panels of Fig. 7, respectively. The regions
covered by green and magenta points are the parameter
spaces allowed by all of the constraints discussed in the
previous section, namely, they are the same as the regions
covered by the green points in Fig. 5. On the other hand,
the improvement of the Higgs-to-diphoton and Higgs-to-
invisible decay width measurements at the HL-LHC and
the ILC does not change the allowed parameter space of
the leptophilic WIMP in the (m;, , m,) plane, and thus the
benefit of the measurements for the WIMP search is not

seen in the figure. The region covered by magenta points in
the figure is the 95% C.L expected reach of the ILC

obtained by the search for direct charged mediator pro-
duction and that of the monophoton. To perform the signal-
background analysis for the monophoton search, we
followed the approach of our previous study [61].* First,
we analytically calculated the differential cross sections of
the signal and background processes (e"et — yyy, ULuLYs
and wvpy). Next, taking the initial-state radiation [63],
beamstrahlung [64], and detector effects [65] into account,
we numerically integrated the cross sections to obtain signal
and background events in each energy bin with respect to the
kinematical selection mentioned in Sec. IVA 4. Finally, we
performed a simple likelihood analysis by comparing these
signal and background predictions with the expected exper-
imental data assuming 250 GeV center-of-mass energy,
500 fb~! luminosity, and 0.1% systematic uncertainty.
We did not utilize the polarization option of the ILC, i.e.,
we considered an unpolarized electron and positron colli-
sion, as the 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 and is almost
irrespective of the polarization.

The figure shows that the projected reach of the
leptophilic WIMP mass at 95% C.L obtained by the
monophoton search at the ILC is around 110 GeV. As
we have shown in Sec. IV A 3, the HL-LHC is expected to
have a good sensitivity to probe a larger mediator mass
region which is not degenerate with the WIMP. On the
other hand, in the presently allowed parameter space with
the electroweak scale mediator, which is nothing but the
region that the ILC will probe, we see more or less a
degeneracy in mass between the mediator and the WIMP.

*Our approach reproduced the result of the analysis for the
monophoton search at LEP [62] with good accuracy [61], justifying
the approach to evaluate the expected sensitivity of the ILC.

>The bin width is set to 5 GeV within the energy range of the
emitted photon E,, with E, > 10 GeV.
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The ILC and HL-LHC are thus expected to play comple-
mentary roles in searches for the leptophilic WIMP.

V. COMBINED LEFT- AND RIGHT-HANDED
MODEL

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

A. The minimal model

1. Lagrangian

The renormalizable Lagrangian that contains both medi-
ators is given as follows:

1_ . ~ =
Lrg=Lsm + Eﬂ?(l@ —my )y + (DL;) (Dp,L;)

+ (DRR)"(DgyR;) + Loy = Vir(H, Li, Ry),
Lom = Lomr + Lomrs
Vig = Vi(H,L;) + VR(H, R;) + 2.p|Li PR

+ (Am;LTHR; + H.c.). (19)

A is a dimensionless parameter contributing to the trilinear
coupling and m; are the masses of the SM leptons (e, y, 7).
This is a nontrivial assumption on the trilinear scalar
couplings that is inspired by some relations from SUSY
models or from models with minimal flavor violation
[66,67]. As seen in the following discussion, it enables us
to explain the experimental anomaly of the muon anomalous
magnetic moment while avoiding the constraint from that of
the electron in the combined model. Moreover, though the
assumption makes the trilinear couplings suppressed, we can
find the parameter region that satisfies the relic abundance
condition and explains the muon g — 2 anomaly, as we will
also see later. In other words, if we relax the assumption, we
will find a wider parameter region that explains both the dark
matter relic abundance and the muon anomaly with heavier
dark matter and mediator masses. Other parameters in the
above Lagrangian are the same as those in Sec. IL

2. Vacuum stability constraint

After electroweak symmetry breaking, the A term causes
the mixing between L; and R;. We scale this trilinear
coupling by the lepton mass parameters as discussed in
Sec. VA 1, so that it is most sensitive to the third-generation
mixing. From the condition that the diagonalized mass of the
mediators must be positive in our vacuum, we have

|[Avm,| < \/EmgL3 m (20)

ER3 .

Remember the fact that the mediator masses m;, and m;,

i

must be greater than the electroweak scale due to the collider
constraints in Sec. III C 1, and thus the above constraint is
always satisfied whenever the A term is O(1-10). On the
other hand, in order to guarantee the stability of our vacuum,
we should confirm that the vacuum is the global minimum of
the potential or its lifetime is longer than the age of the
Universe. We have hence utilized the result in Ref. [68] to
put a constraint on the A term, where the condition of
the vacuum stability is carefully investigated up to the one-
loop level in the framework of the MSSM.° According to
the result, the constraint is given by |A| <A, with
A, ~80+ O.3(mEL3/[GeV]), when m;, = m;, and the
dark matter is degenerate with the mediators in mass to
comply with the surviving parameter region shown in Fig. 9.
We thus adopt this constraint to guarantee the stability of our
vacuum in the analysis of the combined model.”

3. Relic abundance constraint

As we have discussed above, we are interested in the
parameter region where the WIMP and the mediators are at
the electroweak scale; thus, for the sake of simplicity, we scan
the model parameters assuming m;, = m;, and vh =21,
The latter assumption is obtained by requiring cv(yy —
erer) = ov(yy — eré;) + ov(yy — v 0y ), namely, both
mediators contribute equally to the relic abundance of the
WIMP when both mediators have the same mass, unless
coannihilation processes come into play. This simplified
analysis is enough to show the capability of future lepton
colliders to search for the attractive parameter region of the
combined model motivated by the muon g — 2 anomaly as
well as the dark matter abundance (thermal relic scenario).
Uncertainties in the relic density calculation are taken into
account in the same manner as those in Sec. III B 1.

4. Other constraints

Whenever the A term is O(1-10), all other constraints
discussed in the previous sections can be applied to the

®In order to make this vacuum stability constraint more
accurate and also confirm the asymptotic safety of the combined
model in Eq. (19), it is better to go beyond the one-loop
calculation by taking into account the renormalization group
running of the couplings (model parameters) [69,70]. On the
other hand, the one-loop calculation is justified assuming the
combined model is defined at an energy scale that is not far away
from the electroweak scale and the coupling constants are
below O(1), as we adopt in this paper.

"Honestly speaking, this constraint can be relaxed in the
combined model defined in Eq. (19), as the quartic couplings
of the mediators are taken to be large (without conflicting with
any constraints discussed so far) in the combined model, while
they are fixed by the gauge couplings in the MSSM. Note,
however, that our discussion does not change even if we adopt the
tighter constraint mentioned in the main text, as we are focusing
on the parameter region that the future lepton collider experi-
ments can access in their first stages.
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combined model to a good approximation. For the con-
straints coming from the measurements of the Higgs decay
into diphoton, Higgs and Z-boson invisible decays, and
also the electroweak precision measurement, the existence
of the “A” term affects the result subdominantly.For
constraints from the direct mediator and WIMP production
at present and future collider experiments, where the first-
and second-generation mediators play an essential role in
providing sensitive signals, the effect of the A term is
negligibly small. For those from branching fraction mea-
surements of the Higgs decay into diphoton, Higgs and
Z-boson invisible decays, and also the electroweak pre-
cision measurement, the existence of the A term affects
their signal strengths subdominantly. The direct darkmatter
detection at underground experiments remain irrelevant
to the leptophilic WIMP even for the combined model
scenario. The signal strength of the indirect dark matter
detection in astrophysical observations is slightly enhanced
in the combined model scenario than that of the simplest
left- and right-mediator models because of the A term of
O(10) compared to those in the simplest left- and right-
mediator models. The sensitivity of the present observa-
tions is, however, still not enough to put a constraint on the
combined model. We therefore take into account the
constraints from the direct mediator and WIMP production
measurements, the Higgs and Z-boson branching fractions,
and the electroweak precision measurements at collider
experiments based on those discussed in the previous
sections in order to analyze the combined model.

B. Motivation of the combined model

An important motivation for going beyond the simplest
scenarios with left or right mediators and going to the
combined one is from the anomalous muon magnetic
moment [20,71], namely, a long-standing discrepancy
between the SM prediction and experimental results on
the nature of the muon which may indicate the existence
of new physics at the electroweak scale. It is also true that,
as already mentioned at the beginning of Sec. II, it is
obligatory to introduce two types of mediators regardless of
the muon ¢g—2 anomaly, as the left-handed and right-
handed fermions are different in the quantum field theoretic
aspect due to the chiral nature of the Lorentz symmetry in
(3 + 1) dimensional space-time. In other words, even if the
muon g — 2 anomaly disappears in the future, introducing

/
| X '/LL 2 KR /lL‘ X |

the two types of mediators is motivated to interpret
experimental data correctly [26].

Going back to the muon g — 2 anomaly, the discrepancy
between the experimental result and the SM prediction
reaches the 4.2¢ level, and was very recently reported to
be Aa, = a;’ — a;™ = 251(59) x 107! [25] at Fermilab.
If the discrepancy persists even in future results from
Fermilab [72] and J-PARC [73], it is expected to become a
smoking-gun signature of new physics beyond the SM at a
certain low energy scale.

Since the leptophilic dark matter couples to the SM
leptons, it potentially contributes to the anomalous magnetic
moments of the leptons. In the case of leptophilic dark matter
with only left- or right-handed mediators, the contribution
comes from the first two diagrams shown in Fig. 8. The
explicit form of the contribution is given as follows [74]:

L/R 3 /R M
Ad/R = LR T
G 967 mﬁL/R £(r)

~ —10710y2 /R(

1 —6r+3r7+2r —6r2logr
B (1=r)? ’

2
100 GeV) £r),

AL/

f(r) (1)

lglL/R
tonically decreasing function taking a value between
zero and one. It is hard to explain the anomaly due to the
negative contribution.

On the contrary, the combined model with left-handed
and right-handed mediators yields an additional contribu-
tion to the anomalous magnetic moment via the last two
diagrams in Fig. 8. Using the mass insertion approximation,
its explicit form is given as [75]

where fi; g = &p,/g,, r=m;/m; ., and f(r) is a mono-

yLyr Avmy,
_9671'2 271’;% (x’y),
_6[—3+x+y+xy
Sy [k =1y =1
2ylogy
(y—X)(y—1)3]’
2

where x = m; /mj and y = m7 /m3. The function f(x, y)

is a monotonically decreasing function (along both the

PR (\S\S\i
!

——

ﬂli/
{ A {

KL X X | KR KR X X | “r

L+R _
Aaﬂ =

2xlog x
(x=y)x—1)}

f(x,y)

(22)

FIG. 8.

Diagrams contributing to the anomalous muon magnetic moment. The first two diagrams are those from the simplest

leptophilic WIMP model with the left-handed mediators. Similar diagrams for the right-mediator model can be found by swapping L
with R. The last two diagrams are from the leptophilic WIMP model with both left- and right-handed mediators, namely, the

combined model.
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x and y directions) taking a value in between zero and one.
The sign and size of the contribution Aa;*® can be
properly tuned to account for the muon g —2 anomaly
with an appropriate choice of sign and value of the Aterm.

In the limit of x = y = 1, i.e., when the masses of the
mediators and the DM are perfectly degenerate, f(x, y) gets

the maximum value of 1, and the above contribution can be

as large as Aal™® = —[y,yp/(967%)][Avm2/(\/2m})] ~
-2 x 107%y,yrA(100 GeV/m,)*. 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, this means that the
electroweak scale WIMP and mediators, which are nothing
but interesting targets during the first stage of future lepton
colliders, require the size of the A term to be O(1-10) to
explain the muon g — 2 anomaly.

Here, let us address the contribution of the leptophilic
WIMP to the anomalous magnetic moment of the electron
Aa,. The contribution is given by the same formulas as

above by replacing m, and My = Mgy e with m, and

m respectively. As we have already mentioned in

€Ly /Ry’
Sec. III D, the contribution is negligibly small within the
left- and right-mediator models. In the combined model,
the contribution is predicted to be Aa, ~6 x 10~ when
we fix the value of the A parameter so that it can explain the
muon g — 2 anomaly. Comparing this contribution to the
experimental data shown in Eq. (16), it turns out that its size
is still within the error of the data. The observation of the
anomalous magnetic moment of the electron hence does
not put any severe constraints on the combined model.

C. Present status and future prospects
of the combined model

The present status and future prospects of the combined
leptophilic WIMP model are shown in left and right panels

Satisfying all constraints
= Excluded by LHC and LEP

s S Combined model
100 200 500 1000 2000
My, = Me, [GeV]

of Fig. 9, respectively, where the model parameters are
scanned assuming m;, = m;, and vk = 2y} while impos-
ing the constraints from the branching fraction measure-
ments of Higgs and Z-boson decays and the electroweak
precision measurements, as mentioned in Sec. VA. The
color convention in the left panel is the same as that in
Fig. 5. On the other hand, in the right panel the region
covered by all of the points is the same as the one covered
by green points in the left panel, with the color gradation
indicating the value of the A term to explain the muon g — 2

anomaly (Aay’® =251 x 10711, Here, A, is defined in
Sec. VA 2. We note that some gray points for the light mass
region around m;, = m;, ~ 300 GeV correspond to the

coannihilation of dark matter and sleptons, where y; /x can
be very small. Moreover, the projected 95% C.L. reach by
the searches for direct WIMP or mediator production at the
ILC is also shown by the magenta solid line, while the
expected 95% C.L. reaches of direct stau pair production at
the HL-LHC based on two assumptions concerning sys-
tematic uncertainties are shown by the blue and orange
lines. (See Sec. IVA 3 for more detail.)

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 mediators and that with the extremely degenerated
mass hierarchy among the particles are excluded by the
present LHC data, and the region where 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 ILC is able to explore the region
where the A term is less than (O(10), and it verifies our
discussion in Sec. VA. We would like to further emphasize
that such a range of scalar mixing preserves the stability of
our vacuum, i.e., |A| < A, as discussed in Sec. VA 2. It is
evident from Fig. 9 that the future lepton colliders such as

5000 |4 < 20

0< Al <A e o

— HL-LHC casel (7F
— HL-LHC case2 (F*7~ — 77xX)

Combined model
300 400 500600
My, = Me, [GeV]

7T = TTXX)

100 200

FIG. 9. Allowed parameter space at 95% C.L. for the combined model. The region covered by green points in the left panel is allowed by
all of the constraints discussed in Sec. V A, while the one covered by red points is excluded only by the present LHC and LEP experiments.
On the other hand, the region covered by all of the points in the right panel is the same as the one covered by green points in the left panel,
with the color gradation indicating the value of the A term to explain the muon g — 2 anomaly. A, is defined in Sec. VA 2. Projected
95% C.L. reaches by the search for direct mediator production at the ILC are also shown by the magenta line. Blue and orange lines are the
expected 95% C.L. reaches of direct stau pair production at the HL-LHC based on two assumptions concerning systematic uncertainties.
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the ILC are expected to play a complementary role to the
HL-LHC in the case of the leptophilic WIMP. It also serves
the unique role in the search of WIMPs that can explain the
muon g — 2 while being consistent with the current dark
matter density.8

VI. SUMMARY AND CONCLUSIONS

Minimal and renormalizable models for a singlet
Majorana fermion WIMP that interacts only with the
SM leptons via the scalar mediators were considered.
We performed an extensive analysis based on all current
robust theoretical and experimental constraints at 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
doublets under SM SU(2),, while the other scenario has
only singlet mediators under the SU(2), 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 con-
sidered the degenerate flavor-blind case for the sake of
simplicity, and a single mass and coupling parameter will
define all three generations of scalar mediators.

The most important constraint comes from the relic
abundance of the WIMP. We performed a y? analysis to
find the allowed parameter space at 95% C.L. to the
experimental limit, but including additional theoretical
uncertainties that come from SM thermodynamics in the
early Universe. The relic abundance constraint was further
accompanied by a theoretical one (such as vacuum stabil-
ity) and electroweak precision data and all relevant direct
search limits from LEP and LHC Run-2. Our analysis
showed that at large WIMP mass only the coannihilation
mechanism with the mediator particle can survive the relic
abundance constraint, and the largest allowed mass for the
WIMP and mediator can be around 1.5 TeV. We also
showed that the direct search limit on the scalar mediators
only discards a part of the parameter space that contributes
to the relic abundance via the self-annihilation region for a

8In addition to the HL-LHC, another experiment—the
high-energy muon collider—was recently discussed to search
for the parameter region with heavier dark matter and mediator
particles [76,77].

WIMP mass below 300 GeV and WIMP-mediator mass gap
above 80 GeV.

As a next step, we discussed the possibility of probing
the unexplored parameter region at future colliders, spe-
cifically at future lepton colliders. We performed a signal-
background analysis for the monophoton search at the ILC,
and showed that the ILC-250 GeV can indeed pin down the
WIMP mass around 110 GeV with a mildly degenerate
WIMP-mediator mass. As it is difficult to probe such a
degenerate mass region at the HL-LHC, the ILC is expected
to give a complementary search prospect for the lepto-
philic WIMP.

As the next-to-minimal extension, we also briefly
considered the combined model scenario where both
doublet and singlet mediators contribute to the relic
abundance. The introduction of a third degree of freedom
to the WIMP coannihilation decreases the largest allowed
mass of the WIMP to 1.2 TeV. In the light of the anomalous
magnetic moment of the muon, this combined model
should be considered as the minimal scenario, since with-
out the presence of both the mediator particles, it is
impossible to explain the current discrepancy in the muon
g — 2. We showed that we have ample parameter space that
can simultaneously explain both the relic density and the
muon ¢g—2 anomaly. Moreover, we repeated the ILC
monophoton analysis for the combined model as well
and found that the ILC-250 will be able to probe the
aforementioned parameter space favored by the relic
abundance and muon g —2 data. If the muon anomaly
persists in future experimental data, the ILC will inevitably
confirm or discard the model hypothesis.
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