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MOTIVATIONS
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MOUNTING EVIDENCE OF DM
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Rotation curve of spiral galaxy Messier 33 
(Wikipedia) Strong and weak gravitational lensing 

(NASA)

Bullet cluster 
(Wikipedia)

CMB 
(Planck Collaboration)
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DARK CONTRIBUTIONS
• We observe gravitational effects of dark  

matter at large scales, but not through  
other interactions in terrestrial  
experiments yet.*  
*We do see some direct/indirect hints from time to time. 
➠ no coherent picture among different experiments 

• Do we need dark matter or dark sector in general in 
particle physics?


• Does it help us explaining any observed experimental 
anomalies?  
➠ contributions from the dark side of the Universe to the 
subatomic world
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XENON1T 2018
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ANOMALOUS DIPOLE MOMENT
• For point-like spin-1/2 fermions, such as electrons or 

muons, that obey the Dirac equation, one can derive its 
interaction with an external magnetic field as 
 
 
where g is the gyromagnetic ratio (= 2 in the Dirac theory), 
Q is the electric charge (−e for electron), m is the mass, 
and S is the intrinsic spin.


• Because of radiative corrections, the gyromagnetic ratio g 
deviates from 2 and manifests in anomalous Larmor spin 
precession, with the deviation commonly expressed as the 
anomalous magnetic dipole moment

6

H = �µ ·B with µ = g
QS

2mc
<latexit sha1_base64="K1ybPFCKEF8kZ8j99t/ry62kS3Q="></latexit>

a =
g � 2
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MUON g-2 ANOMALY
• A long-lasting anomaly in particle physics is the muon 

anomalous magnetic dipole moment, .

• It has been thought as a harbinger for new physics (NP) 

for about two decades. 

• According to BNL measurement and SM expectation, 
 
 
➠ 3.3σ discrepancy 
 
 

*Aoyama et al (2006.04822) claims a larger discrepancy of 3.7σ, while Borsányi et al 
(2002.12347) claims no need for NP.

aμ ≡ (g − 2)μ/2
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Czarnecki, Marciano 2001

Giudice, Paradisi, Passera 2012

�aµ ⌘ aexpµ � aSMµ = 261(79)⇥ 10�11
<latexit sha1_base64="6yq6MSfXKeqaG8tFoxUPSoNUq/w="></latexit><latexit sha1_base64="6yq6MSfXKeqaG8tFoxUPSoNUq/w="></latexit><latexit sha1_base64="6yq6MSfXKeqaG8tFoxUPSoNUq/w="></latexit><latexit sha1_base64="6yq6MSfXKeqaG8tFoxUPSoNUq/w="></latexit>

BNL Muon g-2 Collab. 2006

Aoyama, Hayakawa, Kinoshita, Nio 2012

Jegerlehner 2018

Keshavarzi, Nomura, Teubner 2018

RBC and UKQCD Collabs. 2018

Davier, Hoecker, Malaescu, Zhang 2020
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ELECTRON g-2 ANOMALY
• Recently, with a more precise determination of the fine-

structure constant at LBNL, we now have  
 
 
➠ 2.4σ discrepancy 
 

8

Aoyama, Hayakawa, Kinoshita, Nio 2012

Parker, Yu, Zhong, Estey, Mu l̈ler 2018

�ae ⌘ aexpe � aSMe = �88(36)⇥ 10�14
<latexit sha1_base64="D23XQfKDHbCf7LhgT9k0X4vM8lo="></latexit>

opposite sign from Δaμ
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NEW PHYSICS INVITATIONS
• These tantalizing opposite deviations have invited many 

studies that explore suitable NP models:
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OVERVIEW
• We propose a model with a set of new particles whose 

interactions are constrained by a flavor-dependent global 
 symmetry and a  symmetry. 

➠ simultaneously accommodate both g−2 anomalies and 
offer a DM candidate.


• These new symmetries also forbid BSM contributions to 
lepton flavor-violating decays, e.g. , and guarantee 
the DM stability.

U(1)ℓ ℤ2

μ → eγ

11
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PARTICLE CONTENT
• Particle content and charge assignment under the 

symmetries  are as follows.

• The  charges depend on the lepton flavor and .

• Two scenarios:  for -odd particles. 
➠ at least one neutral particle to be a DM candidate.

SU(2)L ⊗ U(1)Y ⊗ U(1)ℓ ⊗ ℤ2

U(1)ℓ qe ≠ qμ

YD = 0 or 1 ℤ2

12

global symmetries assumed to have zero VEV

vector-like isospin singlets

Fermion Scalar
Fields (Le

L, L
µ
L, L

⌧
L) (eR, µR, ⌧R) (�e,�µ) � ⌘D ⌘S

SU(2)L 2 1 1 2 2 1
U(1)Y �1/2 �1 �YD 1/2 YD � 1/2 YD � 1
U(1)` (qe, qµ, 0) (qe, qµ, 0) (qe, qµ) 0 0 0
Z2 + + � + � �

<latexit sha1_base64="fcJ6YQth7kDgKaKQ0WrQf9O3+MI="></latexit>

SM BSM

all are SU(3) color-neutral
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SCALAR FIELDS
• The scalar fields are parameterized as

13

125-GeV Higgs boson,  
no mixing from ’s because of η ℤ2

zero VEV to preserve ℤ2

zero VEV to preserve ℤ2
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YUKAWA INTERACTIONS
• The lepton Yukawa interactions and the mass term for  

(a = flavor index) are given by  
 
 
 
 
 
 
 

•  act as bridges between visible and dark sectors.

• The Lagrangian for the quark and gauge sectors are the 

same as in the SM.

χa

ηD,S

14

LY =
X

i=e,µ,⌧

yiSML̄i
L`

i
R�

+
X

a=e,µ
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fa
L

�
L̄a
L�R,a

�
⌘D + fa

R

�
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+M�a (�̄L,a�R,a)]
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<latexit sha1_base64="+q64mXW7Vb+UfIqg9z9P+ruOI3I="></latexit>

same as SM

flavor-diagonal because of  ➠ no  at all ordersU(1)ℓ μ → eγ

generally complex, assumed real for simplicity

both  are required 
for giving the different 
Yukawa interactions

ηD,S

not for τ
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SCALAR POTENTIAL
• The most general form of the scalar potential consistent 

with all the symmetries is given by  
 
 
 
 
 
 
 
where the combination  
 
 
 
*Phases of λ5 and κ can be removed by a redefinition of the scalar fields in general.
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i

<latexit sha1_base64="ogE/fir8dDum4Gq4nKF6ycxJwLE="></latexit>

� · ⌘D =

(
�†⌘D for YD = 1

�T (i⌧2) ⌘D for YD = 0
<latexit sha1_base64="OU+4Xn1HxgXynl+NLbvPGyixrDI="></latexit>

all parameters real ➠ CP-symmetric

 to preserve SM vacuum stabilityμ2
Φ, μ2

D, μ2
S > 0
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THE TWO SCENARIOS
• When , the singlet  is charged and mixes with the 

charged field of : 
 
 
 


• When , the singlet  is neutral and mixes with the 
neutral field of : 

YD = 0 ηS
ηD

YD = 1 ηS
ηD
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THEORY BOUNDS
• Parameters in the scalar potential are subject to:


• Perturbativity:  ;

• Perturbative unitarity:  ; 
 
 
 
 

• Vacuum stability (bounded from below):  ;

λ2
i < 4π

f(λi) < 8π

λi ∈ Ω1 ∪ Ω2

17

(c1, c2, c3) =

(
(1,

p
2, 2) for YD = 0

(2, 2, 6) for YD = 1
<latexit sha1_base64="yCRxk6/69ai2Svv2TbtOAaAK9oc="></latexit>

consistent with next-to-2HDM

f(�i) 2
⇢����

1

2

✓
�1 + �2 +

q
(�1 � �2)

2 + 4�2
4

◆���� ,

����
1

2

✓
�1 + �2 +

q
(�1 � �2)

2 + 4�2
5

◆���� , |�3 + 2�4 ± 3�5| ,

|�3 ± �5| , |�3 ± �4| , c1 |�7,8| , and eigs

0

@
3�1 2�3 + �4 c2�7

2�3 + �4 3�2 c2�8

c2�7 c2�8 c3�6

1

A

9
=

;
<latexit sha1_base64="P2PFcU2txO6V3oObqRFbtW2af5w="></latexit>

Muhlleitner, Sampaio, Santos , Wittbrodt  2017

⌦1 =
n
�1,�2,�6 > 0;

p
�1�6 + �7 > 0;

p
�2�6 + �8 > 0

p
�1�2 + �3 +D > 0;�7 +

r
�1

�2
�8 � 0

)

⌦2 =

(
�1,�2,�6 > 0;

p
�2�6 � �8 > �

p
�2�6;

p
�1�6 > ��7 �

r
�1

�2
�8

q
(�2

7 � �1�6) (�2
8 � �2�6) > �7�8 � (D + �3)�6

�

D =max {0,�4 � �5}
<latexit sha1_base64="tOV+E679LLfkXTBRCIrLCg2mMIg="></latexit>



g-2 ANOMALIES



Cheng-Wei Chiang @ NTUNCTS ATM 2020

NEW CONTRIBUTIONS TO aℓ
• One-loop contributions to muon/electron  with -odd 

particles running in the loop:
aℓ ℤ2

19

J
H
E
P
0
9
(
2
0
2
0
)
1
1
9

χ−
µ/e

η01,2,A

µ−/e− µ−/e−

γ

χ−
µ/e

µ/e µ/e

γ

η+1,2

χ0
µ/e

η+1,2

Figure 1. Feynman diagrams for the muon/electron g− 2. The left (right) diagram contributes to
g − 2 in the model with YD = 1 (YD = 0).

where g!,kL,R denote the Yukawa couplings for the χ̄! PL,R "ηk (χ̄! PL,R "η±k ) vertices in the

model with YD = 1 (0). More explicitly,

g!,1L =
f !
L√
2
cθ, g!,2L = − f !

L√
2
sθ, g!,1R = f !

Rsθ, g!,2R = f !
Rcθ (for YD = 1),

g!,1L = f !
Lcθ, g!,2L = −f !

Lsθ, g!,1R = f !
Rsθ, g!,2R = f !

Rcθ (for YD = 0). (3.5)

The loop functions are defined as follows:

F1(x) =
1− 4x+ 3x2 − 2x2 lnx

2(1− x)3
,

F2(x) =
1− 6x+ 3x2 + 2x3 − 6x2 lnx

6(1− x)4
,

F3(x) =
1− x2 + 2x lnx

2(1− x)3
,

(3.6)

where at any given x, we have F1(x) ≥ F3(x) > F2(x). In both eqs. (3.3) and (3.4), the

coefficient of Re(g!,kL g!,k∗R ) can be much larger than that of |g!,kL |2 + |g!,kR |2 by a factor of

Mχ!/m!, and becomes the dominant factor for ∆aNP
! . We note that for a fixed value of

Mχ! and the Yukawa couplings, a larger magnitude of the dominant term is obtained for

a smaller mass of the scalar boson running in the loop. In addition, the contribution to

the dominant term from the lighter scalar boson (η01 or η±1 ) is opposite in sign to that

from the heavier one (η02 or η±2 ) due to the orthogonal rotation of the scalar fields, as seen

in eq. (3.5). Therefore, the sign of ∆aNP
! is determined by Re(g!,1L g!,1∗R ). We thus take

Re(gµ,1L gµ,1∗R ) < 0 and Re(ge,1L ge,1∗R ) > 0 in order to obtain ∆aNP
µ > 0 and ∆aNP

e < 0, as

required by data. This in turn can be realized by taking fµ
L > 0, fµ

R < 0, f e
L,R > 0, and

the mixing angle θ to be in the first quadrant. Note here that with a degenerate mass for

η1 and η2, ∆aNP
! would vanish due to the cancellation between the contributions of the

two scalar bosons. Therefore, a non-zero mass splitting between η1 and η2 is required. For

simplicity, we take |f !
L| = |f !

R|(≡ f !) in the following analyses.

In figure 2, we show the regions in the plane of f ! and the mass Mχ! that can explain

the corresponding (g−2)! anomalies in the scenario with YD = 1. The left and right panels

show the allowed regions for a mass difference ∆mη ≡ mη2 −mη1 of 100GeV and 300GeV,

– 8 –

lightest one ➠ DM

YD = 0YD = 1
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NEW CONTRIBUTIONS TO aℓ
• New physics corrections: 
 
 
 
 
 
 
 
 
 
 
 

where  denote the Yukawa couplings for the  
( ) vertices in the  scenario.

gℓ,k
L,R χ̄ℓPL,Rℓη±

k
χ̄ℓPL,Rℓη0

k YD = 0 (1)
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MORE EXPLICITLY
• The couplings 
 
 
 

• The loop functions

21
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NEW CONTRIBUTIONS TO aℓ
• New physics corrections: 
 
 
 
 
 
 
 
 
 
 
 

where  denote the Yukawa couplings for the  
( ) vertices in the  scenario.

gℓ,k
L,R χ̄ℓPL,Rℓη±

k
χ̄ℓPL,Rℓη0

k YD = 0 (1)
22
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NEW PHYSICS CORRECTIONS
• Dominant NP corrections: 
 
 
 

• Contribution to the dominant terms from lighter scalars (  
or ) is opposite in sign to that from the heavier ones (  
or ) due to the scalar orthogonal rotation. 
➠ require mass splitting to avoid cancellation  
➠ sign of  is determined by  
➠ choose  and 

• This can be realized by taking , , , and 
the mixing angle θ in the first quadrant.

η0
1

η±
1 η0

2
η±

2

ΔaNP
ℓ Re(gℓ,1

L gℓ,1*
R )

Re(gμ,1
L gμ,1*

R ) < 0 Re(ge,1
L ge,1*

R ) > 0
fμ
L > 0 fμ

R < 0 f e
L,R > 0
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 SCENARIOYD = 1
• Take  for simplicity in our analyses.

• For two sets of benchmark parameters differing in :

| f ℓ
L | = | f ℓ

R | ( ≡ f ℓ)
Δmη
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Figure 2. Regions in the plane of f ! ≡ |f !
L| = |f !

R| and Mχ! that can explain the corresponding
(g − 2)! for the scenario of YD = 1 at the 1σ (darker color) and 2σ (lighter color) levels.

respectively. In this scenario, the lighter scalar η01 can be the DM candidate and its mass

mη1 is fixed to be 80GeV. In the next section, we will see that this choice of the DM mass

is compatible with both the observed relic density and the direct search experiments. It

is clear that a smaller value of ∆mη results in a larger cancellation between the ∆aNP
"

contributions from the two scalar bosons, thus pushing the required Yukawa couplings

higher for the same Mχ! . Also, for a fixed Mχ! , the required value of f e is smaller than

fµ by roughly a factor of 4. This can be understood in such a way that from eq. (3.3)

the ratio ∆aNP
µ /∆aNP

e is roughly given by mµ/me × |fµ/f e|2 $ 200 × |fµ/f e|2 if we take

Mχµ = Mχe . Therefore, with the required ratio ∆aµ/∆ae by data to be about 3000, the

Yukawa coupling for the muon needed to explain the data should indeed be about 4 times

larger than that for the electron.

In figure 3, we show the results for YD = 0. In this scenario, the lighter charged scalar

boson η±1 would not be a DM candidate and its mass mη±1
would not be strongly constrained

by the relic density and the direct search experiments. However, mη±1
of O(1)TeV requires

a large Yukawa coupling fµ to explain the muon g − 2 anomaly, which leads to too small

a relic density to explain the observed density of DM as we will see in the next section.

We thus take mη±1
= 200GeV as a successful example. In figure 3, we also observe a

similar trend that for a fixed Mχ! , the required f e is smaller than fµ by roughly a factor

of 4 and both are pushed higher for smaller ∆mη± . Unlike the scenario of YD = 1, the

contours turn around at Mχ! ∼ 150GeV in this scenario. This is because the dominant

term in eq. (3.4) reaches its maximum at Mχ! = mη±k
, so that the required value of f "

becomes smallest at Mχ! ∼ 150GeV.4 Note that this turning point is lower in the left plot

because of the larger cancellations for the case with ∆mη± = 100GeV (left) than that with

∆mη± = 300GeV (right).

4For YD = 1, the dominant term in eq. (3.3) reaches its maximum at Mχ! ∼ 0.12mη1 . Thus, the turning

behavior is not observed as we take η0
1 to be the lightest particle.
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 SCENARIOYD = 0
• Take  for simplicity in our analyses.

• For two sets of benchmark parameters differing in :
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Figure 3. As in figure 2, but in the scenario of YD = 0. The mass of the lighter charged scalar η±1
is set to be 200GeV.

We note that, in both scenarios with YD = 1 and 0, the charged Z2-odd particles can

be pair produced at colliders and their leptonic decays are subject to constraints from the

experimental searches at the LHC. These constraints will be discussed in section 4.2.

Lastly, we comment on the contributions from two-loop Barr-Zee type diagrams [35].

In our model, new contributions to the Barr-Zee type diagrams can enter via the Z2-odd

particle loops in the effective hγγ, hZγ and W+W−γ vertices. The first two vertices, in

particular, may give rise to sizable contributions to ∆aNP
! , if the scalar trilinear couplings

are taken to be large. However, such large values are highly constrained by the Higgs

data to be discussed in section 4.2. Together with the smallness of the Yukawa couplings

for muon and electron, we find that contributions from these two types of diagrams are

negligible. The contributions from diagrams with the W+W−γ effective vertex have been

examined in detail in ref. [36]. It is shown that the contributions are at least two orders of

magnitude smaller than the experimental measurements and can also be safely neglected.

4 Phenomenology

In this section, we discuss the phenomenological consequences of our models, focusing on

the physics of DM and collider signatures of the new particles.

4.1 Dark matter phenomenology

As alluded to in section 2, the lightest neutral Z2-odd particle can be a DM candidate and

corresponds to η01 (η0H or χ!) in the scenario of YD = 1 (YD = 0). Current measurements

of the cosmic microwave background radiation by the Planck satellite show the DM relic

density to be [37]

ΩDMh2 = 0.120± 0.001, (4.1)

assuming the cold DM scenario.
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DM CANDIDATES
• The lightest neutral -odd particles serve as DM 

candidates:

• The  scenario:  or .


• The  scenario:  (mixture of  and )


• DM relic density: 
 

• For numerical calculations, we have implemented our 
model using FeynRules and derived the relic density and 
direct search constraints using MadDM. 

ℤ2

YD = 0 η0
H χ0

ℓ
YD = 1 η0

1 η0
H η0

S

27

⌦DMh2 = 0.120± 0.001 Planck 2018

Alloul et al 2014

Degrande et al 2012

Backovic et al 2014

Backovic et al 2015

Ambrogi et al 2019
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 SCENARIOYD = 1
• The s-channel amplitude is important when  is close to 

 due to the resonance effect.

• The t-channel amplitude mediated by heavier -odd 

scalars becomes important when  GeV because 
of the threshold of W,Z channels.


• The t-channel process mediated by  is sensitive to the 
Yukawa couplings , while weakly depending on the 
mass of the lighter vector-like lepton.

mDM
mH /2

ℤ2
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χℓ
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Figure 4. Important diagrams that contribute to the DM annihilation into the SM particles.

We first discuss the relic density of DM in the scenario of YD = 1. The important

DM annihilation processes are shown in figure 4. The amplitude of the s-channel Higgs-

mediated process is proportional to the η01η
0
1h coupling calculated as

λη01η
0
1h

= v

[
c2θ

(
m2

η±

v2
−

m2
η1

v2
− λ3

2

)
− λ7s

2
θ

]
, (4.2)

where the λ3 and λ7 parameters are chosen as independent parameters [see eqs. (2.11)

and (2.17)] in our analyses. Therefore, the λη01η
0
1h

coupling can be taken to be any value

as far as it satisfies the theoretical bounds discussed in section 2. This process can be

particularly important when the DMmass is close to half of the Higgs boson mass due to the

resonance effect. The amplitude of the t-channel process mediated by the heavier Z2-odd

scalar bosons becomes important when the DM mass is larger than about 80GeV because

of the threshold of the weak gauge boson channels. The t-channel process mediated by the

vector-like lepton χ# is sensitive to the Yukawa couplings f #
L,R, while weakly depending on

the mass of the lighter vector-like lepton. In addition to the processes shown in figure 4, we

also take into account the contributions from DM co-annihilations with the heavier Z2-odd

particles, i.e., η0A, η
0
2, η

± and χ±
# . For numerical calculations, we have implemented our

model using FeynRules [38, 39] and derived the relic density and direct search constraints

using MadDM [40–42].

Figure 5 shows a typical behavior of the DM relic density as a function of the DM mass

mη1 in the model with YD = 1. In all three panels, the grey curves show a benchmark case

with the parameter choice (f e, fµ,λhη01η
0
1
/v) = (0.1, 0.2, 0.01) and (mη2 ,mηA ,mη± ,Mχe ,

Mχµ) = (380, 200, 200, 1100, 600)GeV, where Mχ! are determined according to figure 2

such that both electron and muon g − 2 anomalies can be accommodated within 1σ at

mη1 = 80GeV. By turning off some of the couplings, we show with colored curves in the

three panels how the relic density changes if only a subset of the processes in figure 4

is taken into account. The leftmost plot of figure 5 shows that for mη1 ! 80GeV, the

t-channel annihilations into weak gauge bosons are kinematically allowed and become the

– 11 –
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 SCENARIOYD = 1
• The black curves show a benchmark case with the 

parameter choice  and 
 GeV, where

 are selected to satisfy  within 1σ for  GeV. 

• Three solutions at  GeV.

( f e, fμ, λhη0
1η0

1
/v) = (0.1,0.2,0.01)

(mη2
, mηA

, mη±, Mχe
, Mχμ

) = (380,200,200,1100,600)
Mχℓ

Δae,μ mη1
= 80

mη1
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Figure 5. Contributions of different processes shown in figure 4 to the DM relic density in the model
with YD = 1 as a function of the DM mass mη1 . The grey curves show the case for the benchmark
parameter set with the mass spectrum (mη2 ,mηA ,mη± ,Mχe ,Mχµ) = (380, 200, 200, 1100, 600)GeV
and the coupling strengths (fe, fµ,λhη0

1η
0
1
/v) = (0.1, 0.2, 0.01). From the left to right panels, the

colored curve shows the case with some of the couplings taken to be zero, by which we see the
impact of the contribution from the process of (b), (b) plus (c) and (a) plus (b) shown in figure 4.

dominant process. It is clear from the central plot that for mη1 < 50GeV, the relic density

is dominated by the t-channel annihilations into electron and muon pairs. The rightmost

plot shows that the Higgs-mediated s-channel process is most important around the Higgs

resonance when mη1 ∼ 62.6GeV. We observe that for mη1 < 150GeV, there are three

solutions to the relic density: one at mη1 ∼ 80GeV and the remaining two around half the

Higgs resonance.

The impacts of the key parameters in each process shown in figure 4 are investigated in

figure 6. From left to right, we investigate the dependence on the magnitude of the Yukawa

coupling fµ, the λhη01η
0
1
coupling, and the mass splitting ∆m between the DM and all the

other heavier Z2-odd scalar bosons. From the left two plots, we see that an increase in f "

reduces the overall relic density in the low-mass region while a decrease in λhη01η
0
1
makes

the dip around the Higgs resonance shallower. In the leftmost (center) plot, we find the

critical values fµ " 0.54,5 (λhη01η
0
1
/v " 10−4) above (below) which the solutions of mη1 to

realize the observed relic density disappears. In addition, if we take λhη01η
0
1
/v ! 0.10 in the

center plot, the solutions at mη1 ≥ mh/2 disappear because the dip becomes too deep.

It is worth mentioning that in the Inert Doublet Model (IDM), another solution of the

DM mass to satisfy the relic density may exist in a TeV region when the mass splitting

among the Z2-odd scalar particles is small, typically less than 10GeV [43]. In such a

scenario, DM dominantly annihilates into a pair of weak gauge bosons whose annihilation

cross section decreases by O(1/m2
DM), while the annihilation into the Higgs bosons is highly

suppressed due to small Higgs-DM couplings. In our model, such a high mass solution

cannot be realized, because the additional η02 state cannot have the mass close to η01 in order

to explain the g−2 anomaly as discussed in section 3. As a result, the (co)annihilation into

5A more conservative upper limit for the magnitude of the Yukawa coupling is found to be 0.34 for the

case with fe = fµ.
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IMPACTS OF KEY PARAMETERS
• We also study dependence on (a) the magnitude of , (b) 

the  coupling, and (c) the mass splitting  between 
the DM and all the other heavier -odd scalars.
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Figure 6. Relic density as a function of the DM mass mη1 in the model with YD = 1. The
left, center and right panel shows, respectively, the effect of varying the magnitude of the Yukawa
coupling fµ, the λhη0

1η
0
1
coupling, and the mass splitting ∆m (with mη2 = mηA = mη±) defined in

the figure. For all the panels, Mχe − mη1 is fixed to be 1020GeV, while Mχµ − mη1 is taken to
be 520 (1070) [1820] GeV for fµ = 0.2 (0.4) [0.8] such that the g − 2 anomalies can be explained
within 1σ level, where the latter two choices are only taken in the left plot.

a pair of the Higgs bosons is not suppressed at the high mass region. This situation can

be clearly seen in the right panel of figure 6 in which we take ∆m = 30, 60, 120GeV that

can explain the g − 2 anomalies. Indeed, the predicted density is well below the observed

value at the high mass region. In fact, we confirm that solutions do not appear even at a

few hundred TeV of mη1 .

In addition to the DM annihilation, the λhη01η
0
1
coupling contributes to the scattering

of DM with nuclei via the mediation of the Higgs boson, allowing our DM candidate to

be probed by the direct search experiments. Figure 7 shows the spin-independent DM-

nucleon scattering cross section and its upper limit at 90% confidence level obtained from

the XENON1T experiment with a 1-tonne times one year exposure [44]. We find that

λhη01η
0
1
/v has to be smaller than 0.0026, 0.0034, and 0.0047 for the DM η01 to have a mass

around 50, 65 and 80GeV, respectively, by which we can explain the observed relic density.

In conclusion, the mass of η01 should be about 50, 65 or 80GeV while having f " ! 0.34

and λhη01η
0
1
/v ∈

[
1.0× 10−4, 2.6× 10−3

]
in order to satisfy both the relic density and the

direct search experiment in the scenario with YD = 1.

Next, we discuss the scenario with YD = 0 assuming η0H to be the DM candidate. In

this scenario, the properties of DM are quite similar to those of the scenario with YD = 1

discussed above, where the annihilation processes can be obtained by replacing (η01,η
±,e/µ)

with (η0H ,η±1,2,νe/νµ) in figure 4. The η0Hη0Hh coupling is given as

λη0Hη0Hh =
v

2

(
m2

ηA

v2
−

m2
ηH

v2
− λ3

)
. (4.3)

Again, this coupling can be taken to be any value due to the independent parameter λ3

as far as it satisfies the theoretical constraints. Taking similar values of the Higgs to DM

coupling and the new Yukawa couplings as those in the model with YD = 1, we obtain

– 13 –
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DIRECT DETECTION CONSTRAINT

• In addition to DM annihilation, the  coupling 
contributes to the scattering of DM with nuclei via the 
Higgs mediation, allowing our DM candidate to be probed 
by the direct search experiments.


•  has to be < 0.0026, 0.0034,  
and 0.0047 for  to be around  
50, 65 and 80 GeV, respectively.


• black curve: 90% CL upper limit  
from XENON1T


• green and yellow regions mark  
1 and 2σ sensitivity bands
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Figure 7. Spin-independent DM-Nucleon scattering cross section as a function of the DM mass
mη1 for several values of the λhη0

1η
0
1
coupling. The black curve shows the 90% confidence level upper

limit obtained from the XENON1T experiment with a 1.0t × 1yr exposure. The green and yellow
region marks the 1 and 2σ sensitivity bands for the XENON1T results.

almost identical results as in figures 5 and 6, with minor modifications due to the changes

in Mχ! in order to satisfy the (g − 2)" anomalies.

Finally, we briefly comment on the other possibility of having χ" as the DM candidate

in the model with YD = 0. The dominant annihilation channels for χ" are the t-channel

processes χ"χ̄" → ν"ν̄"/%+%− mediated by a neutral or charged Z2-odd scalar boson. These

processes alone, however, produce a cross section that is too small to account for the ob-

served relic density. Thus, the scenario of having a fermionic DM in our model is ruled out.

4.2 Collider phenomenology

We first discuss the constraints from direct searches for new particles at high-energy collider

experiments. In our model, all the new particles are Z2-odd, and thus would only be

produced in pairs at colliders. In addition, due to the new Yukawa interactions for the

muon and the electron, their decays typically include a muon or an electron in association

with missing energy carried away by the DM. Therefore, our model can be tested by looking

for an excess of events with multiple charged leptons plus missing energy, which is identical

to the signatures of slepton or chargino production in supersymmetric models.

We first focus on the pair production of the vector-like leptons χ±
" at the LHC

in the model with YD = 1. The pair production occurs via the Drell-Yan process

– 14 –
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 SCENARIOYD = 0
• Assume  to be the DM candidate. 
➠ results very similar to the  scenario  

• Assume  to be the DM candidate. 
➠ dominant annihilation channels are the t-channel 
processes  mediated by a neutral or 
charged -odd scalar 
➠ cross section too small to account for the observed relic 
density 
➠ fermionic DM in our model ruled out

η0
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ℓ
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GENERAL COMMENTS
• In our model, all the new particles are -odd and would 

only be produced in pairs at colliders.

• Due to the new Yukawa interactions for μ and e, the 

decays of -odd particles typically include a μ or e in 
association with missing energy carried away by the DM.


• Our model can be tested by looking for an excess of 
events with multiple charged leptons + missing energy, 
which is identical to the signatures of slepton or chargino 
production in supersymmetric models.
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 SCENARIOYD = 1
• Drell-Yan production and decay of :χ±

ℓ
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Figure 8. Left: cross section of pp → χ+
! χ

−
! as a function of Mχ! in the model with YD = 1 at√

s = 13TeV. Right: branching ratios of χ! in the model with YD = 1 with (mη1 , mηA , mη± , mη2)
= (80, 200, 200, 380) GeV and θ = π/4.

mediated by the photon and Z boson, so that its cross section is simply determined

by the mass of χ!. The left panel of figure 8 shows the cross section of pp →
γ∗/Z∗ → χ+

! χ
−
! with the collision energy of 13TeV. The cross section is calculated at

the leading order using MadGraph aMC@NLO [45] with the parton distribution functions

NNPDF23 lo as 0130 qed [46]. It is seen that the cross section is about 900, 20 and 0.8 fb for

Mχ! = 150, 300 and 600GeV, respectively. On the other hand, the decays of χ±
! strongly

depend on the mass spectrum of the Z2-odd scalar bosons. For the case with (mη01
, mηA ,

mη± , mη02
) = (80, 200, 200, 380)GeV, the various decay branching ratios of χ±

! are depicted

in the right panel of figure 8. In this plot, we take θ = π/4 in which the branching ratios

do not depend on f !. We see that χ±
! decay 100% into η01&

± when Mχ! < 200GeV because

this is the only kinematically allowed channel. At higher masses, χ±
! can also decay into

η02&
±, η0A&

± and η±ν!. The heavier Z2-odd scalar bosons can further decay into the DM

and a SM particle, i.e., η02 → hη01, η
0
A → Zη01, and η± → W±η01. Therefore, when these

channels are allowed, the final state of the χ±
! decays can have 1 or 3 charged leptons. We

note that the tri-lepton channel is highly suppressed by the small branching ratio of the

leptonic decays of the Z boson or the Higgs boson.

In figure 9, we show the observed exclusion limit on the vector-like lepton masses Mχ!

using the same set of parameters as in figure 8. The observed limit is derived based on the

searches for events with exactly two or three electrons or muons and missing transverse

momentum performed by the ATLAS experiment using the 36.1 fb−1 dataset of
√
s =

13TeV collisions [47]. We use MadGraph aMC@NLO [45] to simulate the events and to compute

the χ+
! χ

−
! production cross section at the leading order. The events are further processed by

Checkmate [48–51], which utilizes Pythia8 [52, 53] for parton showering and hadronization

– 15 –
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ALTAS CONSTRAINT
• With our parameter choice,  GeV is excluded.

• Note that such lower bounds on  depend on the mass 

spectrum of the -odd scalars, and are usually lower than 
the bounds extracted in the literature. 


• For example, people usually  
assume .  

• We also take other decays into  
account and thus obtain a less  
stringent constraint.

Mχℓ
≲ 270
Mχℓ

ℤ2

BR(χ±
ℓ → η1ℓ

±) = 100 %
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Figure 9. Excluded region in the plane of the masses of vector-like leptons Mχµ–Mχe in the model
with YD = 1 from the searches for events with exactly two or three electrons or muons and missing
transverse momentum by the ATLAS experiment with

√
s = 13TeV and 36.1 fb−1 of the integrated

luminosity. We take (mη1 ,mη2 ,mηA ,mη± , θ) = (80GeV, 380GeV, 200GeV, 200GeV,π/4).

and Delphes3 [54] for detector simulations and compares the number of events with the

limit in a given signal region provided by the ATLAS experiment [55]. With our parameter

choice, Mχ! ! 270GeV is excluded. Note also that such lower bounds on the χ" mass

depend on the mass spectrum of the Z2-odd scalar bosons, and are usually lower than

the bounds extracted in the literature. For example, the branching ratio of χ±
" → η1%±

is assumed to be 100% in ref. [30], while we take other decay channels (see figure 8) into

account as well and thus obtain a less stringent constraint.

In figure 10, we summarize all the constraints discussed above in our model with

YD = 1. The regions shaded by dark green and orange can explain, respectively, the

electron and muon g− 2 within 1σ. The lower bound on Mχ! is derived from the observed

direct search limit by the ATLAS collaboration (see figure 9), while the region shaded by

brown cannot explain the DM relic density as the annihilation cross section of DM in this

region is too large to reach the observed density (see figure 6).

We note that in addition to the pair production of χ±
" , the inert scalar bosons can

also be produced in pairs. When we consider the case where the vector-like lepton masses

are larger than the masses of the inert scalar bosons, the signature of these scalar bosons

become quite similar to that given in the IDM. As shown in ref. [56], the upper limit on

the cross section of multi-lepton final states given by the LHC Run-II data is typically one

– 16 –
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SUMMARY OF  SCENARIOYD = 1
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Figure 10. Summary of the constraints in the plane of f ! and Mχ! for the benchmark case with
YD = 1 and (mη1 ,mη2 ,mηA ,mη± , θ) = (80GeV, 380GeV, 200GeV, 200GeV,π/4). The regions
shaded by dark green and orange can explain the electron and the muon g − 2 within 1σ. The
lower bounds on Mχ! are derived from the direct search limit by the ATLAS collaboration, while
the brown area cannot explain the observed DM relic density.

or more than one order of magnitude larger than that predicted in the IDM. Thus, we can

safely avoid the bound from the direct searches for the inert scalar bosons at the LHC.

Let us briefly comment on the collider signatures in the model with YD = 0. In this

scenario, the vector-like lepton is electrically neutral, so that it is not produced in pair via

the Drell-Yan process, but can be produced from decays of the inert scalar bosons, e.g.,

η±1,2 → %±χ0
! and η0H,A → ν!χ0

! . The most promising process to test this scenario could then

be a pair production of the charged inert scalar bosons pp → η±i η
∓
j (i, j = 1, 2). However,

we find that the production cross sections of η±1,2 are roughly one order of magnitude smaller

than those of vector-like leptons shown in figure 8, so that such process is more weakly

constrained by the current LHC data as compared with that in the model with YD = 1.

Finally, we discuss an indirect test of our model by focusing on modifications in the

Higgs boson couplings. Because of the Z2 symmetry, the Higgs boson couplings do not

change from their SM values at tree level. However, the loop-induced hγγ and hZγ cou-

plings can be modified due to the new charged scalar boson loops, i.e., η± (η±1 and η±2 ) in

the model with YD = 1 (YD = 0). In order to discuss the modifications to the h → γγ and

h → Zγ decays, we introduce the signal strength µγγ and µZγ defined as follows:

µγγ/Zγ ≡ σh × BR(h → γγ/Zγ)

[σh × BR(h → γγ/Zγ)]SM
. (4.4)

– 17 –
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BOUND ON INERT SCALARS
• In the case where the vector-like lepton masses are larger 

than the masses of the inert scalars, the signature of these 
scalars become quite similar to that in the IDM. 


• Upper limit on the cross section of multi-lepton final states 
given by the LHC Run-II data is typically one or more 
orders of magnitude larger than that predicted in the IDM. 
 
➠ no bound from direct searches at LHC for our inert 
scalar bosons

38
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 SCENARIOYD = 0
• The vector-like lepton is electrically neutral. 
➠ not produced in pair via the Drell-Yan process, but from 
decays of the inert scalar bosons, e.g.,  and 

.

• The most promising process to test this scenario could 

then be a pair production of the charged inert scalars 
.


• We find that the production cross sections of  are 
roughly one order of magnitude smaller than those of 
vector-like lepton pairs. 
➠ more weakly constrained by current LHC data as 
compared with that in the scenario with .

η±
1,2 → ℓ±χ0

ℓ
η0

H,A → νℓ χ0
ℓ

pp → η±
i η∓

j (i, j = 1,2)

η±
1,2

YD = 1
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HIGGS COUPLINGS
• In our model, the Higgs boson couplings do not change 

from their SM values at tree level due to the  symmetry.

• Loop-induced couplings are  

modified due to the Higgs boson  
couplings to the charged scalars.


• Production of the Higgs boson is the same as in the SM. 
➠ signal strengths simply given by ratio of the BRs 
between our model and SM  
 

• Currently, experimental data give  
 

ℤ2
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 AND μγγ μZγ

41

J
H
E
P
0
9
(
2
0
2
0
)
1
1
9

−3 −2 −1 0 1 2 3

λ3

0.6

0.8

1.0

1.2

1.4

µ
γ
γ

YD = 1

mη± = 100 GeV

mη± = 200 GeV

mη± = 300 GeV

mη± = 400 GeV

Excluded by
theoretical bounds

−3 −2 −1 0 1 2 3

λ7

0.6

0.8

1.0

1.2

1.4

µ
γ
γ

YD = 0

∆mη± = 300 GeV

mη±1
= 100 GeV

mη±1
= 200 GeV

mη±1
= 300 GeV

mη±1
= 400 GeV

Excluded by
theoretical bounds

Figure 11. Signal strength µγγ in the model with YD = 1 (left) and YD = 0 (right). The dark
(light) green band shows the current global average of µExp

γγ with 1σ (2σ) uncertainty. For YD = 0,
we take (mηH ,mηA , θ) = (80GeV, 200GeV,π/4), and the mass splitting between the two charged
scalar bosons is fixed to be 300GeV.

Figure 12. Correlation between µZγ and µγγ in the model with YD = 1 (left) and YD = 0
(right) under the constraints of perturbative unitarity and vacuum stability. The dark (light) green
band shows the current global average of µγγ with 1σ (2σ) uncertainty. For YD = 0, we take
(mηH ,mηA , θ) = (80GeV, 200GeV,π/4), and the mass splitting between the two charged scalar
bosons is fixed to be 300GeV.

As the decay rates of h → γγ and h → Zγ have different dependences on couplings, to

see the correlation between µγγ and µZγ would be useful in order to extract the structure

of the model [59]. In figure 12, we show the correlation between µZγ and µγγ for the

scenario of YD = 1 (left) and YD = 0 (right). We only show the points which are allowed

by the perturbative unitarity and vacuum stability bounds. For YD = 1, we see that µZγ
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Figure 11. Signal strength µγγ in the model with YD = 1 (left) and YD = 0 (right). The dark
(light) green band shows the current global average of µExp

γγ with 1σ (2σ) uncertainty. For YD = 0,
we take (mηH ,mηA , θ) = (80GeV, 200GeV,π/4), and the mass splitting between the two charged
scalar bosons is fixed to be 300GeV.

0.6 0.8 1.0 1.2 1.4

µγγ

0.6

0.8

1.0

1.2

1.4

µ
Z
γ

YD = 1

mη± = 100 GeV

mη± = 200 GeV

mη± = 300 GeV

mη± = 400 GeV

0.6 0.8 1.0 1.2 1.4

µγγ

0.6

0.8

1.0

1.2

1.4

µ
Z
γ

YD = 0
∆mη± = 300 GeV

mη±1
= 100 GeV

mη±1
= 200 GeV

mη±1
= 300 GeV

mη±1
= 400 GeV

Figure 12. Correlation between µZγ and µγγ in the model with YD = 1 (left) and YD = 0
(right) under the constraints of perturbative unitarity and vacuum stability. The dark (light) green
band shows the current global average of µγγ with 1σ (2σ) uncertainty. For YD = 0, we take
(mηH ,mηA , θ) = (80GeV, 200GeV,π/4), and the mass splitting between the two charged scalar
bosons is fixed to be 300GeV.

As the decay rates of h → γγ and h → Zγ have different dependences on couplings, to

see the correlation between µγγ and µZγ would be useful in order to extract the structure

of the model [59]. In figure 12, we show the correlation between µZγ and µγγ for the

scenario of YD = 1 (left) and YD = 0 (right). We only show the points which are allowed

by the perturbative unitarity and vacuum stability bounds. For YD = 1, we see that µZγ
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By scanning θ 
while imposing 
both theo. and 
exp. constraints, 
we find that 

 scenario 
would predict an 

 at most +10% 
larger than SM.

YD = 0

μZγ

higher  more 
compatible with data 
after theory bound

mη±

 is SM-likeμZγ

small or little  
correlation

YD = 0YD = 1
(mηH

, mηA
, θ) = (80 GeV,200 GeV, π/4)
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YUKAWA CORRECTIONS
• For the choice of  and  

( ) , we have the Yukawa coupling 
corrections (assuming  with  
and .):

θ = π/4, f ℓ
R = σℓ f ℓ

L | f ℓ
L | = | f ℓ

R | ( = f ℓ)
σℓ = + 1 for e and  − 1 for μ

Mχℓ
≫ mη0, mη± mη0 ≡ mη1

= mη2

mη± ≡ mη±
1

= mη±
2
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Figure 13. New physics contributions to the h!+!− (! = e, µ) vertex in the model with YD = 1
(left) and YD = 0 (right).

is strongly correlated with µγγ . Within the 2σ region around the current measurements of

µExp
γγ , a signal strength for h → Zγ is predicted to be from 0.97 to 1.05. Such a prediction

can be slightly modified by the choice of the mixing angle θ and the masses of the Z2-odd

scalar bosons. For YD = 0, we observe no or little correlation between µZγ and µγγ . This is

because the contributions from the pure η±1 and η±2 loops are small in our particular choice

of θ = π/4 due to smaller η+1 η
−
1 Z and η+2 η

−
2 Z couplings. On the other hand, the η±1 and η±2

mixed loop contribution, which appears in the h → Zγ decay but not the h → γγ decay,

can be sizable. The coupling λhη±1 η∓2
that contributes to this new diagram is given by

λhη±1 η∓2
= vsθcθ

[
λ3 +

1

v2

(
m2

η±1
+m2

η±2
−m2

ηA −m2
ηH

)
− λ7

]
. (4.7)

With this additional mixed loop contribution, the model with YD = 0 can predict µZγ #= 1

even when µγγ = 1. We note that our prediction on µZγ is sensitive to the choice of

θ, because of the Zη±i η
∓
j couplings. By scanning the mixing angle θ while imposing both

theoretical and experimental constraints, we find that the model with YD = 0 would predict

an h → Zγ signal strength that is at most +10% larger than the SM value.

Finally, we discuss the deviations in the hµ+µ− and he+e− couplings from their SM

values due to the one-loop corrections from the Z2-odd particles. The new physics con-

tribution to these vertices is shown in figure 13, and the corresponding Yukawa coupling

correction is calculated as

∆y$ =
Mχ!

8π2

[
∑

k=1,2

λhη0kη
0
k
gk,$L gk,$R C0(0, 0,m

2
h;mηk ,Mχ! ,mηk)

+
λhη01η

0
2

2
(g1,$L g2,$R + g1,$R g2,$L )C0(0, 0,m

2
h;mη1 ,Mχ! ,mη2)

]
(for YD = 1), (4.8)

∆y$ =
Mχ!

8π2

[
∑

k=1,2

λhη+k η−k
gk,$L gk,$R C0(0, 0,m

2
h;mη±k

,Mχ! ,mη±k
)

+
λhη±1 η∓2

2
(g1,$L g2,$R + g1,$R g2,$L )C0(0, 0,m

2
h;mη±1

,Mχ! ,mη±2
)

]
(for YD = 0), (4.9)
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YUKAWA CORRECTIONS
• The diagrams are controlled by the new Yukawa coupling, 

, and the chirality flip happens via the intermediate 
vector-like lepton mass. 
➠ no muon or electron mass suppression

• In spite of being one-loop, these contributions can be 
comparable or even larger than the tree-level one.


• As an example, taking 
, and 

 for the  scenario, we obtain 
 
 
corresponding to about +38% and −858% corrections with 
respect to the SM tree-level predictions.

f ℓ

Mχμ
= Mχe

= 1 TeV, mη1
= 80 GeV,

mη2
= 380 GeV, fμ = 0.3, f e = 0.1, λhη0

1η0
1

= 2.6 × 10−3v
λhη0

2η0
2

= − 1.095v YD = 1
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�yµ ' 1.63⇥ 10�4 and �ye ' �1.78⇥ 10�5
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PERSPECTIVE
• Such a large deviation in the  coupling can possibly 

be detected in future collider experiments. 
➠ at HL-LHC with an integrated luminosity of 3 /ab, the 
expected accuracy is about 14%  
➠ further improved to about 5% through the combination 
of HL-LHC and 250-GeV ILC with 2 /ab.


• Our model can be tested by precision measurement of the 
muon Yukawa coupling with the Higgs boson.

hμ+μ−

44
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SUMMARY
• We have proposed a new model whose symmetry is extended 

with a global  and a  symmetries to simultaneously 
explain the DM data and the two g−2 anomalies.


• Depending on hypercharge charges of new fields, there are two 
scenarios with different phenomenologies.


• Lepton flavor-violating processes receive no new contributions.

• We have checked the constraints of LHC direct searches and 

Higgs signal strengths, and made predictions for .

• We have also predicted possible loop enhancements in the muon 

and electron Yukawa couplings, to be tested at HL-LHC and ILC.

U(1)ℓ ℤ2

μZγ

45
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Thank You!
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Backup Slides
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 SCENARIOYD = 1
• The t-channel process mediated by  is sensitive to the 

Yukawa couplings , while weakly depending on the 
mass of the lighter vector-like lepton.


• We also take into account the contributions from DM co-
annihilations with the heavier -odd particles.

χℓ
f ℓ
L,R

ℤ2
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Figure 4. Important diagrams that contribute to the DM annihilation into the SM particles.

We first discuss the relic density of DM in the scenario of YD = 1. The important

DM annihilation processes are shown in figure 4. The amplitude of the s-channel Higgs-

mediated process is proportional to the η01η
0
1h coupling calculated as

λη01η
0
1h

= v

[
c2θ

(
m2

η±

v2
−

m2
η1

v2
− λ3

2

)
− λ7s

2
θ

]
, (4.2)

where the λ3 and λ7 parameters are chosen as independent parameters [see eqs. (2.11)

and (2.17)] in our analyses. Therefore, the λη01η
0
1h

coupling can be taken to be any value

as far as it satisfies the theoretical bounds discussed in section 2. This process can be

particularly important when the DMmass is close to half of the Higgs boson mass due to the

resonance effect. The amplitude of the t-channel process mediated by the heavier Z2-odd

scalar bosons becomes important when the DM mass is larger than about 80GeV because

of the threshold of the weak gauge boson channels. The t-channel process mediated by the

vector-like lepton χ# is sensitive to the Yukawa couplings f #
L,R, while weakly depending on

the mass of the lighter vector-like lepton. In addition to the processes shown in figure 4, we

also take into account the contributions from DM co-annihilations with the heavier Z2-odd

particles, i.e., η0A, η
0
2, η

± and χ±
# . For numerical calculations, we have implemented our

model using FeynRules [38, 39] and derived the relic density and direct search constraints

using MadDM [40–42].

Figure 5 shows a typical behavior of the DM relic density as a function of the DM mass

mη1 in the model with YD = 1. In all three panels, the grey curves show a benchmark case

with the parameter choice (f e, fµ,λhη01η
0
1
/v) = (0.1, 0.2, 0.01) and (mη2 ,mηA ,mη± ,Mχe ,

Mχµ) = (380, 200, 200, 1100, 600)GeV, where Mχ! are determined according to figure 2

such that both electron and muon g − 2 anomalies can be accommodated within 1σ at

mη1 = 80GeV. By turning off some of the couplings, we show with colored curves in the

three panels how the relic density changes if only a subset of the processes in figure 4

is taken into account. The leftmost plot of figure 5 shows that for mη1 ! 80GeV, the

t-channel annihilations into weak gauge bosons are kinematically allowed and become the

– 11 –
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COMPARISON WITH IDM
• In the Inert Doublet Model, another solution of  to 

satisfy the relic density may exist in a TeV region when the 
mass splitting among the -odd scalars is small, typically 
<10 GeV.


• In such a scenario, DM dominantly annihilates into a pair 
of weak gauge bosons whose annihilation cross section 
decreases by , while the annihilation into H pairs 
is highly suppressed due to small Higgs-DM couplings.


• In our model, such a high mass solution cannot be 
realized, because the additional  state preferably has a 
large mass splitting with  for the g−2 anomalies.


• (Co)annihilation into a pair of the Higgs bosons is not 
suppressed in the high mass region.

mDM

ℤ2

𝒪(1/m2
DM)

η0
2

η0
1
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