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Dark	ma/er	direct	detec(on	experiments		
Dark	ma/er		

Spin-independent	
(SI)	interac(on			

Spin-dependent	
(SD)	interac(on			

L =
�

N=p,n

fN �̃0�̃0NN + aN �̃0�a�̃0N�aN

Elas(c	sca/ering		cross	sec(on	with	nucleus	(mT:nucleus	mass,	
np/n	:#	of	proton	and	neutron)	
	
	
	
The	SI	cross	sec(on	is	enhanced	for	large	atomic	number	nucleus.	

SI		 SD		
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Latest	results	by	XENON1T	



Future	of	dark	ma/er	direct	detec(on	

Shumann’s	talk	(Taup2015)	

•  XENONnT	(2019~),	LZ(2020~)	:	~20	ton*year		
•  Darwin	(2020+):~200	ton*year	



Beyond	tree	level	
The	DM	couplings	with	SM	fields	have	been	already	constrained	if	it	
is	induced	at	tree	level.	
	
Example)	Singlet	fermion	DM	coupled	with	Higgs	boson	
	
	
The	coupling	is	not	gauge	inv,	and	it	is	induced		by	Singlet-doublet	
Higgs	mixing.		The	SI	sca/ering	cross	sec(on	is	evaluated	as		
	
	
Thus,																																	for																														from	XENON1T.	
	
Future	experiments	may	have	sensi(vi(es	to	models	where	DM	are	
coupled	with	SM	at	loop	level.	
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Figure 2: Diagrams for the effective couplings of singlet WIMPs induced by Higgs boson
exchange at the parton level.

Thus, the scalar operator contribution to fN is simplified as
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∑
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6 Examples (at Leading-Order of αs)

We will now evaluate the effective interaction of WIMPs with the nucleon at the leading
order of αs, using the formulae in the previous section. We consider three models: 1)
gauge-singlet WIMPs coupled with the Higgs boson, 2) gauge-singlet WIMPs coupled
with colored scalars and quarks, and 3) SU(2)L non-singlet WIMPs. When the effective
couplings of the WIMPs at the parton level are evaluated by integrating out heavy par-
ticles at the UV scale, we have to consider the case of matching the Wilson coefficients
between the UV and effective theories.

6.1 Gauge Singlet WIMPs Coupled with Higgs Boson

We now consider a case where the WIMPs are SU(2)L singlet fermions X , coupled with
the SM Higgs boson h as

Lint = −fXX̄Xh. (46)

This interaction is not symmetric under SU(2)L×U(1)Y . However, this interaction is
introduced in models where an SU(2)L singlet Higgs boson, coupled with X , is introduced,
and it is mixed with the SM Higgs boson. Alternatively, such as in the SUSY SM, SU(2)L
singlet and doublet fermions couple with the SM Higgs boson so that Eq. 46 is generated
due to mixing of those fermions.

16

After integrating out the Higgs boson (Fig. 2), the quark scalar operators are generated
as

Cq
S(µUV ) =

1

vhm2
h

fX , (47)

where vh is the vacuum expectation value of the Higgs field (vH ≃ 246 GeV) and mh

is the SM Higgs mass (mh ≃ 125 GeV). The gluon scalar operator is generated by the
integration of the heavy quarks, and the other operators are not generated at the leading
order of αs. Thus, the SI coupling constants with nucleons are given at the leading order
of αs by

fN/mN =
1

vhm2
h

fX

(

f̄ (N)
Tq

+ 3×
2

27
(1− f̄ (N)

Tq
)

)

, (48)

where f̄ (N)
Tq

≡
∑

q=u,d,s f
(N)
Tq

. From this result, the SI cross section of proton is σp
SI ≃

2× 10−42cm2 × f 2
X . The upperbound on σp

SI derived by XENON1T is about 10−46cm2 for
MX ≃ 50 GeV. Thus, fX <∼ 10−2 for MX ≃ 50 GeV.

6.2 Gauge Singlet WIMPs Coupled with Colored Scalars and
Quarks

Next, we consider the case where colored scalars are introduced and the SU(2)L singlet
WIMPs couple with the quarks and the colored scalars. Binos in the SUSY SM have
such couplings with scalar quarks. Thus, this example corresponds to the limit of a heavy
Higgsino in the SUSY SM, where the Bino–Higgs coupling is suppressed.

The interactions of WIMPs with quarks and colored scalars are given by

Lint =
∑

q

q̄(aq + bqγ5)Xq̃ + h.c., (49)

where q̃ is the colored scalar. The t-channel colored scalar exchange diagrams (Fig. 3)
generate the quark scalar, twist-2, and axial vector operators, while the gluon scalar and
twist-2 operators come from one-loop diagrams. Now, consider the leading contribution of
αs to the effective couplings of the WIMPs with nucleons. Thus, the one-loop contribution
to the gluon scalar operator ((Fig. 4)) is included in the evaluation, while that to the gluon
twist-2 operator is subleading, and is thus neglected.

From direct calculation, the Wilson coefficients for the quark operators are derived as

Cq
S(µUV ) =

a2q − b2q
4mq

1

M2
X −M2

q̃

+
a2q + b2q

8

MX

(M2
X −M2

q̃ )
2
,

Cq
T1(µUV ) =

a2q + b2q
2

MX

(M2
X −M2

q̃ )
,

Cq
T2(µUV ) = 0,

Cq
AV (µUV ) = −

a2q + b2q
4

1

M2
X −M2

q̃

, (50)
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II.		Direct	detec(on	of	dark	ma/er	with	mediators	
at	loops	
	

II-I.	Wino	dark	ma/er	
II-II.	Peudo	scalar	mediated	singlet	fermion	dark	
ma/er	
II-III.	Dirac	fermion	dark	ma/er	

(JH,	N.Nagata,	K.	Ishiwata	,	2015)	

(T.	Abe,	M.	Fujiwara,	JH,	in	prepara(on)	

(JH,	N.Nagata,	R.Nagai,	2018)	



Wino	dark	ma/er	
direct	detec(on	

8	

JH,	N.Nagata,	K.	Ishiwata	
(2015)	



What	is	wino?	

•  Superpartner	of	SU(2)L	gauge	bosons	in	SUSY	SM.	
•  SU(2)L	triplet	and	U(1)Y		neutral	fermion.	
•  Neutral	component	of	Winos		is	a	candidate	of	WIMP	DM.	

9	



Higgs	mass	in	High-scale	SUSY		

mh<115.5GeV

mh>127GeV

120GeV
125GeV

130GeV

135GeV

10 102 103 104
1

10

MSUSYêTeV

ta
nb

(Ibe,	Matsumoto,	Yanagida	(12))	

a = 0

For	tanβ~2-5,	125	GeV	Higgs	mass	is	well-explained	in	High-scale	
SUSY	(~O(102-3)	TeV).	This	is	consistent	with	various	problems	in	
SUSY	SM	(flavor,	CP,	gravi(no,	proton	decay…)	
.	
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Mass	spectrum	in	High-scale	SUSY		

11	

(Loop	suppressed	
in	anomaly	media(on)	



Tree-level	contribu(on	to	SI	interac(on	of	wino	

Higgsino-Wino	mixing	induces	to	tree-level	coupling	with	Higgs	
boson,	though	it	is	suppressed	by	mW/μ	(μ:Higgsino	mass).	In	the	
case,	loop	contribu(ons	are	dominant.	

Q

q :	light	quarks	(u,d,s)	
:	heavy	quarks		(c,b,t)	
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Effec(ve	SI	interac(on	at	parton	level		
Effec(ve	SI	interac(ons	of		Majorana	fermion							at	parton	level	up	
to	D=7:		

mq

:	WIMP	mass	
:	quark	mass	

13	

•  Scalar	operators:	

•  Twist-2	operators:	

						Twist-2	operators	for	quarks	and	gluon:	
	



Nuclear	matrix	elements	
•  Scalar	operators	:	
	

14	

(From	trace	anomaly)	

(							:	mass	frac(on)	

1.  Mass	frac(ons											come	from	Latce		QCD	outputs.	

	
	
2.  Matrix	elements	in	our	operator	defini(on	are															.	This	

imply	that	we	have	to	evaluate	one-loop	higher	diagrams	for	
gluon	than	those	for	quarks	

3.  Quark	operator	and	gluon	operator	are	RG-inv	at	least		
at											.	

			

O(↵s)



Nuclear	matrix	elements	
•  Twist-2	operators:	

The	2nd	moments	of	parton-distribu(on	func(ons	(PDFs)	

15	

1.  The	2nd	moments	of	PDFs	at															comes	from	CTEQ	PDFs.		

2. Matrix	elements	in	our	operator	defini(on	are														.		
	



Strategy	to	evaluate	SI	coupling	of	nucleon	

Evaluate	the	Wilson	coefficients	at																						with	Nf=5	ac(ve	
quarks	by	integra(ng	out	heavy	par(cles.		

Evolve	the	the	Wilson	coefficients	down	to	the	scale	at	which	the	
nucleon	matrix	elements	are	evaluated.			

Express	the	SI	coupling	with	nucleon.	

Scalar	operators	and	twist-2	operators	are	not	mixed	with	each	
other	in	RG	flow	so	that	we	can	evaluate		those	contribu(ons	to	
the	SI		coupling	with	nucleon	separately.	



Loop-level	contribu(on	to	SI	interac(on	@	LO	of	αs		
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�0 �0

�0��
�0 �0��

�0

�0��
�0 �0 �0�0��

�0 �0 �0�0��
�0

Quark	scalar	op.		 Quark	scalar/twist-2	op.		

Gluon	scalar	op.		

These	contribu(ons	are	not	suppressed	by	power	of	of	wino	mass.	
When	Higgsino	mass		is	much	heavier	than	wino	one,	loop-level	
contribu(on	dominates	over	tree-level	one.	(JH,	Matsumoto,	Nojiri,	Saito)	
	

Q

q :	light	quarks	(u,d,s)	

:	heavy	quarks		(c,b,t)	



SI	cross	sec(on	of	wino	with	nucleon	at	NLO	of	αs		

18	

� �
�
��
�
� �

���������������

�����������

�����
��

���

�����

�����

�����

���

•  In	a	heavy	wino	mass	limit,																																																						(first	error:	
higher	order,	second	one:	input)	

•  Thermal	wino	DM	(M~3TeV)	has	larger	cross	sec(on	than	neutrino	
BG.		

(JH,	N.Nagata,	K.	Ishiwata,2015)	



	Electroweakly-interac(ng	dark	ma/er		
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(n,Y)=(3,0)	

(n,Y)=(5,0)	

(n,Y)=(1/2,1/2)	

Neutral	fermions	with	only	weak	interac(ons	are	DM	candidates.	

(Cirelli	et	al)	

(JH,	N.Nagata,	K.	Ishiwata,2015)	



Peudo	scalar	mediated	dark	ma/er	
direct	detec(on	

20	

T.	Abe,	M.	Fujiwara,	JH	
(in	prepara(on)	



Pseudo	scalar	mediated	coupling	

�̄�5�q̄�5q ) (~s� · ~q)(~sN · ~q)
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Figure 2: How to derive the effective DM-gluon operator from the triangle diagrams with
the heavy quarks (Q = c, b, t). From the left diagram to central one, we integrate the effect
of propagating scalar. Then, from the central diagram to right one, we integrate the heavy
quark loop. In the end, we read out the effective χχGa

µνG
aµν operator.

� �

ai aj

q q
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Figure 3: The box diagrams and crossed ones which induce the spin-independent couplings
between DM and quarks, where ai = a,A.

3.2.1 DM-quark scalar operators from box diagrams

First, we consider the the box and crossed diagrams, shown in Fig. 3, with light quark
(q = u, d, s). The quark in the external line is non-relativisticlly, so we expand the amplitude
by the external quark momenta and derive the effective operators. The leading order term of
amplitude is proportional to m3

q as pointed out in [10]. Two mq come from Yukawa couplings,
and one comes from chilality-flip. Then, we perform the irreducible decomposition and read
out the following operators.7

Leff ⊃1

2
Cbox

q mqχ̄χq̄q +
1

2

[
C(1)box

q χ̄i∂µγνχOq
µν + C(2)box

q χ̄i∂µi∂νχOq
µν

]
, (3.37)

where Oq
µν is the twist-2 operator for quark q.

Oq
µν =

i

2
q̄

(
∂µγν + ∂νγµ −

1

2
gµν/∂

)
q. (3.38)

7 The detail of the derivation of the operators in Eq. (3.39)-(3.41) is given in appendix C.
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Figure 1: Triangle diagrams which contribute to DM-nucleon spin-independent scattering.
ai indicates the pseudoscalar mediators, a and A. q in the external line stands for quarks.
The diagram with light quark (u, d, s) contributes to χ̄χq̄q for each q. The diagrams with
heavy quark (c, b, t) contribute to χ̄χGa

µνG
aµν .

and where

Chχχ =
−mχ

(4π)2

{
ghaa(ξ

χ
a )

2

[
∂

∂p2
B0(p

2,m2
a,m

2
χ)

]

p2=m2
χ

+ ghAA(ξ
χ
A)

2

[
∂

∂p2
B0(p

2,m2
A,m

2
χ)

]

p2=m2
χ

+
2ghaAξ

χ
Aξ

χ
a

m2
A −m2

a

[
B1(m

2
χ,m

2
A,m

2
χ)− B1(m

2
χ,m

2
a,m

2
χ)
]
}
.

(3.34)

The definitions of loop functions B0, B1 are given in appendix D.1. There is also the effective
Hχχ coupling whose Wilson coefficient can be found by substituting h to H.

Next we consider the triangle diagrams with the heavy quarks (Q = c, b, t) in the external
lines. In the nucleus, these scattering effects come arise as the 1-loop higher diagram, the
left one shown in Fig 2. So, the scattering effects between DM and heavy quark is read out
as the DM-gluon effective operator. The procedure to get this contribution is as follows.
First, integrating the scalar loop and reading out the DM-heavy-quark effective operator.
This process corresponds to derive Ctri

Q in Eq. (3.33) for Q = c, b, t. Then, integrating the
quark loop of the second diagram to get the DM-gluon effective operator. This process can
be done using the following relation ship between heavy quark scalar operator and gluon
scalar operator in the nucleus.

mQQQ = − αs

12π
Ga

µνG
aµν . (3.35)

According to this procedure, Ctri
G can be expressed as follows using Ctri

Q .

Ctri
G =

∑

Q=c,b,t

2

27
Ctri

Q . (3.36)

3.2 Box diagrams

In the followings, we show the effective operators from the box and crossed diagram in Fig. 3.
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Tree-level	sca/ering	is	spin-dependent,	and	suppressed	by	
momentum	transfer.		The	cross	sec(on	is	too	small	to	be	observed.		
	
	
	
	
	
	
The	loop	diagrams	can	dominate	over	the	tree-level	diagrams	since	
they	can	induce	spin-independent	sca/ering.		(Arcadi	et	al,	2017)	

(Escudero	et	al,	2016)	
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where			

between pseudoscalar bosons and the SM-Higgs is important to enhance σSI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
effective interactions. In [8], it was estimated from the one-loop box diagram by using a
relation between a heavy quark scalar-type operator and a gluon scalar-type operator without
justification. We find that the prediction for σSI in [8] was overestimated.

The structure of this paper is as follows. In Sec. 2, we introduce the gauge invariant model
which contains the pseudoscalar mediators [3]. In Sec. 3, we derive the effective operators
which induce the spin-independent scattering between DM and nucleus. In Sec. 4, we show
our results. We compare our result with the previous results in [8] and, then, search the
parameter space which is detectable in the future direct detection experiments.

2 Model

In this section, we briefly review the pseudo-scalar mediator dark matter model [3]. The
model contains a gauge singlet Majorana fermion χ as the DM candidate, and a gauge singlet
pseudoscalar boson a0 as a mediator field. The Higgs sector is also extended into a Two Higgs
Doublet Model (THDM). We assume Z2 symmetry to stabilize the DM candidate. Under
the Z2 symmetry, χ is odd and all the other fields are even. Thus χ is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L ⊃+ i
gχ
2
a0χ̄γ

5χ− (VTHDM + Va0 + Vport) , (2.2)

where
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2
0H

†
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Here we assume CP invariance in the Eq. (2.2). Thus all the parameters in Eq. (2.2) are real.
We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs coupling. This is
an extension of the softly broken Z2 symmetry often assumed in studies of the THDMs [?,?,?]
to avoid flavor changing scalar couplings at the tree level [?].3 Under this Z4 symmetry, each

3 For the analysis without any discrete symmetry to forbid the flavor changing scalar couplings, see [?].
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between pseudoscalar bosons and the SM-Higgs is important to enhance σSI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
effective interactions. In [8], it was estimated from the one-loop box diagram by using a
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Figure 1: Triangle diagrams which contribute to DM-nucleon spin-independent scattering.
ai indicates the pseudoscalar mediators, a and A. q in the external line stands for quarks.
The diagram with light quark (u, d, s) contributes to χ̄χq̄q for each q. The diagrams with
heavy quark (c, b, t) contribute to χ̄χGa

µνG
aµν .

and where
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(3.34)

The definitions of loop functions B0, B1 are given in appendix D.1. There is also the effective
Hχχ coupling whose Wilson coefficient can be found by substituting h to H.

Next we consider the triangle diagrams with the heavy quarks (Q = c, b, t) in the external
lines. In the nucleus, these scattering effects come arise as the 1-loop higher diagram, the
left one shown in Fig 2. So, the scattering effects between DM and heavy quark is read out
as the DM-gluon effective operator. The procedure to get this contribution is as follows.
First, integrating the scalar loop and reading out the DM-heavy-quark effective operator.
This process corresponds to derive Ctri

Q in Eq. (3.33) for Q = c, b, t. Then, integrating the
quark loop of the second diagram to get the DM-gluon effective operator. This process can
be done using the following relation ship between heavy quark scalar operator and gluon
scalar operator in the nucleus.

mQQQ = − αs

12π
Ga

µνG
aµν . (3.35)

According to this procedure, Ctri
G can be expressed as follows using Ctri

Q .

Ctri
G =

∑

Q=c,b,t

2

27
Ctri

Q . (3.36)

3.2 Box diagrams

In the followings, we show the effective operators from the box and crossed diagram in Fig. 3.
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3.2.2 DM-gluon scalar operator from the box diagrams
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Figure 4: How to derive the effective DM-gluon operator from the amplitudes of the box
diagram. In this box case, the existence of interfering diagram makes the situation completely
different from the triangle case. In order to include this interference effects, it is necessary to
summing up the amplitudes of the 2-loop diagrams and reading out the effective χχGa

µνG
aµν

operators. Note that the procedure is the same for the crossed diagram.

Next, we consider the diagrams with the heavy quarks (Q = c, b, t). For the case of box
diagrams, note that the procedure of the triangle diagrams cannot be applied. In Fig. 4, we
show the procedure to derive the effective operator schematically. The difference from the
triangle case is the existence of the central diagram in Fig. 4. Because of this diagram, it
can no longer be justified to relate the CQ and CG by using Eq. (3.35). Instead, in order
to include this interference effects, we sum up the amplitudes of the 2-loop diagrams and
read out the effective operators. We use the Fock-Schwingergauge for the gluon field [19].
This gauge makes it much more transparently to read out the effective operator from the
amplitudes. In the end, we find the following effective operator from these box diagrams.

Leff ⊃ 1

2
Cbox

G χχ

(
−9αs

8π
Ga

µνG
aµν

)
. (3.43)

The Wilson coefficient is

Cbox
G =

∑

Q=c,b,t

−mχ
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)2 [
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Q
a )

2∂F (m2
a)

∂m2
a

+ (ξχAξ
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χ
a ξ

Q
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Q
a

[F (m2
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a)]

m2
A −m2

a

]
,

(3.44)

where

F (m2
a) =

∫ 1

0

dx

{
3Y1(p

2,m2
χ,m

2
a,m

2
Q)

−m2
Q

(2 + 5x− 5x2)

x2(1− x)2
Y2(p

2,m2
χ,m

2
a,m

2
Q)

− 2m4
Q
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x3(1− x)3
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2,m2
χ,m

2
a,m

2
Q)

}
. (3.45)

The definitions of Y1, Y2, Y3 are shown in appendix D.3. The expression for ∂F (m2
a)/∂m

2
a is

shown in appendix D.5.
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Figure 2: How to derive the effective DM-gluon operator from the triangle diagrams with
the heavy quarks (Q = c, b, t). From the left diagram to central one, we integrate the effect
of propagating scalar. Then, from the central diagram to right one, we integrate the heavy
quark loop. In the end, we read out the effective χχGa

µνG
aµν operator.
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Figure 3: The box diagrams and crossed ones which induce the spin-independent couplings
between DM and quarks, where ai = a,A.

3.2.1 DM-quark scalar operators from box diagrams

First, we consider the the box and crossed diagrams, shown in Fig. 3, with light quark
(q = u, d, s). The quark in the external line is non-relativisticlly, so we expand the amplitude
by the external quark momenta and derive the effective operators. The leading order term of
amplitude is proportional to m3

q as pointed out in [10]. Two mq come from Yukawa couplings,
and one comes from chilality-flip. Then, we perform the irreducible decomposition and read
out the following operators.7

Leff ⊃1

2
Cbox

q mqχ̄χq̄q +
1

2

[
C(1)box

q χ̄i∂µγνχOq
µν + C(2)box

q χ̄i∂µi∂νχOq
µν

]
, (3.37)

where Oq
µν is the twist-2 operator for quark q.

Oq
µν =

i

2
q̄

(
∂µγν + ∂νγµ −

1

2
gµν/∂

)
q. (3.38)

7 The detail of the derivation of the operators in Eq. (3.39)-(3.41) is given in appendix C.
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Loop-level	contribu(on	to	SI	interac(on	

Q

q :	light	quarks	(u,d,s)	

:	heavy	quarks		(c,b,t)	

In	previous	work,	
•  Gluon	contribu(on	at	two-loop	level	are	not	correctly	evaluated.		
•  Three	point	ver(ces	(h-a-a)	are	not	included.		
•  Operator	decomposing	is	not	complete,		though	numerically	small.		

1

2
q̄i(@µ�⌫ + @⌫�µ)q = Oq

µ⌫ +
1

4
gµ⌫mq q̄q
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SI	cross	sec(on	is	sadly	suppressed	

between pseudoscalar bosons and the SM-Higgs is important to enhance σSI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
effective interactions. In [8], it was estimated from the one-loop box diagram by using a
relation between a heavy quark scalar-type operator and a gluon scalar-type operator without
justification. We find that the prediction for σSI in [8] was overestimated.

The structure of this paper is as follows. In Sec. 2, we introduce the gauge invariant model
which contains the pseudoscalar mediators [3]. In Sec. 3, we derive the effective operators
which induce the spin-independent scattering between DM and nucleus. In Sec. 4, we show
our results. We compare our result with the previous results in [8] and, then, search the
parameter space which is detectable in the future direct detection experiments.

2 Model

In this section, we briefly review the pseudo-scalar mediator dark matter model [3]. The
model contains a gauge singlet Majorana fermion χ as the DM candidate, and a gauge singlet
pseudoscalar boson a0 as a mediator field. The Higgs sector is also extended into a Two Higgs
Doublet Model (THDM). We assume Z2 symmetry to stabilize the DM candidate. Under
the Z2 symmetry, χ is odd and all the other fields are even. Thus χ is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L ⊃+ i
gχ
2
a0χ̄γ

5χ− (VTHDM + Va0 + Vport) , (2.2)

where

VTHDM =m2
1H

†
1H1 +m2

2H
†
2H2 −m2

3

(
H†

1H2 + h.c.
)

+
λ1
2
(H†

1H1)
2 +

λ2
2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+
λ5
2

[
(H†

1H2)
2 + h.c.

]
, (2.3)

Va0 =
1

2
m2

a0a
2
0 +

λa0
4

a40, (2.4)

Vport =κ(ia0H
†
1H2 + h.c.) + c1a

2
0H

†
1H1 + c2a

2
0H

†
2H2. (2.5)

Here we assume CP invariance in the Eq. (2.2). Thus all the parameters in Eq. (2.2) are real.
We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs coupling. This is
an extension of the softly broken Z2 symmetry often assumed in studies of the THDMs [?,?,?]
to avoid flavor changing scalar couplings at the tree level [?].3 Under this Z4 symmetry, each

3 For the analysis without any discrete symmetry to forbid the flavor changing scalar couplings, see [?].

3

Here,	coupling	constant	for																										is	scaled	so	that	the	thermal	
relic	abundance	is	consistent	with	observed	DM	density.			
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Figure 12: The box diagram and crossed one which contribute to the DM-nucleus scattering.
These diagrams induce the spin-independent interactions in (B.63).

B.2 The comparison with the previous results

In Fig. 13, we show the comparison about the benchmark point fixing gχ = 0.5. The other
parameters are taken to be ma = 100 GeV, ca = 1. The blue region is already excluded
by XENON1T experiment [27]. The dot-dashed lines show the expected sensitivity in the
future experiments. The dark cyan line is for XENONnT [21] and the light cyan line is
for LZ [22], and the light green for DARWIN [28]. Yellow region is neutrino floor [29]. In
this region, it is impossible to distinguish the DM-nucleon scattering process from neutrino
coherent scattering process. The dashed line is previous result and the solid line is our result.
We find the result in [8] overestimated the cross section especially for the large mχ region.
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Figure 13: The comparison with the result of [8] about the simplified model. The dashed
line of both figure indicates the cross section in [8], and the solid line indicates our result.
The experimental bounds are the same as in Fig. ??.
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Figure 12: The box diagram and crossed one which contribute to the DM-nucleus scattering.
These diagrams induce the spin-independent interactions in (B.63).

B.2 The comparison with the previous results

In Fig. 13, we show the comparison about the benchmark point fixing gχ = 0.5. The other
parameters are taken to be ma = 100 GeV, ca = 1. The blue region is already excluded
by XENON1T experiment [27]. The dot-dashed lines show the expected sensitivity in the
future experiments. The dark cyan line is for XENONnT [21] and the light cyan line is
for LZ [22], and the light green for DARWIN [28]. Yellow region is neutrino floor [29]. In
this region, it is impossible to distinguish the DM-nucleon scattering process from neutrino
coherent scattering process. The dashed line is previous result and the solid line is our result.
We find the result in [8] overestimated the cross section especially for the large mχ region.
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Figure 13: The comparison with the result of [8] about the simplified model. The dashed
line of both figure indicates the cross section in [8], and the solid line indicates our result.
The experimental bounds are the same as in Fig. ??.
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between pseudoscalar bosons and the SM-Higgs is important to enhance σSI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
effective interactions. In [8], it was estimated from the one-loop box diagram by using a
relation between a heavy quark scalar-type operator and a gluon scalar-type operator without
justification. We find that the prediction for σSI in [8] was overestimated.

The structure of this paper is as follows. In Sec. 2, we introduce the gauge invariant model
which contains the pseudoscalar mediators [3]. In Sec. 3, we derive the effective operators
which induce the spin-independent scattering between DM and nucleus. In Sec. 4, we show
our results. We compare our result with the previous results in [8] and, then, search the
parameter space which is detectable in the future direct detection experiments.

2 Model

In this section, we briefly review the pseudo-scalar mediator dark matter model [3]. The
model contains a gauge singlet Majorana fermion χ as the DM candidate, and a gauge singlet
pseudoscalar boson a0 as a mediator field. The Higgs sector is also extended into a Two Higgs
Doublet Model (THDM). We assume Z2 symmetry to stabilize the DM candidate. Under
the Z2 symmetry, χ is odd and all the other fields are even. Thus χ is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L ⊃+ i
gχ
2
a0χ̄γ

5χ− (VTHDM + Va0 + Vport) , (2.2)

where

VTHDM =m2
1H

†
1H1 +m2

2H
†
2H2 −m2

3

(
H†

1H2 + h.c.
)

+
λ1
2
(H†

1H1)
2 +

λ2
2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+
λ5
2

[
(H†

1H2)
2 + h.c.

]
, (2.3)

Va0 =
1

2
m2

a0a
2
0 +

λa0
4

a40, (2.4)

Vport =κ(ia0H
†
1H2 + h.c.) + c1a

2
0H

†
1H1 + c2a

2
0H

†
2H2. (2.5)

Here we assume CP invariance in the Eq. (2.2). Thus all the parameters in Eq. (2.2) are real.
We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs coupling. This is
an extension of the softly broken Z2 symmetry often assumed in studies of the THDMs [?,?,?]
to avoid flavor changing scalar couplings at the tree level [?].3 Under this Z4 symmetry, each

3 For the analysis without any discrete symmetry to forbid the flavor changing scalar couplings, see [?].
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Dirac	fermion	dark	ma/er	
•  If	Dirac	fermion	has	one-zero	hypercharge,	Y,		SI	cross	sec(on	with	

neutron	is	about	Y2	(mes	10-39cm2.		The	mass	must	be	larger	than	
~105	TeV	if	they		are	DM.	

•  If	the	Dirac	fermion	is	gauge	singlet	and	coupled	with	SM	par(cles	at	
loop	level,	it	is	s(ll	a	viable	DM	candidate	as	will	be	shown.	

•  The	thermal	relic	abundance	is	suppressed	by	s-wave	annihila(on	so	
that	the	DM	mass	is	favored	to	be	heaver	.	(Good	for	null	results	@	
LHC)		

•  The	stability	comes	from	global	U(1)D.	The	asymmetric	dark	ma/er	is	
one	of	the	mo(va(on	for	the	Dirac	fermion	DM.			

	



SI	cross	sec(on	
Effec(ve	coupling	of	Dirac	fermion	DM:	
		1)	Contact	interac(ons,	
	
	
		2)	EM	interac(ons,	
	
	
The	differen(al	SI	cross	sec(on	with	nuclei	(							recoil	energy)	
	
	
	
	
	
	Here,																																																										is		maximum	recoil	energy	for	
fixed	rela(ve	velocity	(						).	MDM	or	EDM	contribu(on	may	be	
dominant,	and	accidental	cancel	with	various	terms	does	not	occurs.	
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Figure 1: Feynman diagrams for e↵ective DM-�/Z interactions.

4.1 E↵ective interactions

To begin with, let us consider the e↵ective couplings of DM with photon (�). The Dirac
fermion DM couples with photon at one-loop level through the Feynman diagrams de-
picted in Fig. 1. The relevant DM-� interactions for the direct detection experiments are
given by

Le↵–� =
1

2
C�

M��µ⌫�Fµ⌫ � i

2
C�

E��
µ⌫�5�Fµ⌫ + C�

R��
µ�@⌫Fµ⌫ , (23)

with Fµ⌫ being the field strength of the photon field, Aµ: Fµ⌫ ⌘ @µA⌫ � @⌫Aµ. Here C�
M ,

C�
E, and C�

R denote the Wilson coe�cients for the DM magnetic dipole moment (DM-
MDM), the DM electric dipole moment (DM-EDM), and the DM charge radius (DM-CR),
respectively. These Wilson coe�cients are obtained through the matching of our models
onto the e↵ective theory with these interactions; the concrete expressions for these Wilson
coe�cients are summarized in Appendix B.1. The DM-EDM is induced in the presence
of non-zero CP-phases in the DM-mediator couplings. We note in passing that we have
ignored the DM anapole moment, described by the e↵ective operator �̄�µ�5�@

⌫Fµ⌫ , as
this contribution is always subdominant due to the velocity suppression.

As we see in Sec. 2, there are many free parameters in both Model I and II. To
simplify the analysis, in what follows, we focus on the following five cases and study their
phenomenologies:

• Model I-A: Model I with aQ = aū = ad̄ ⌘ a and bQ = bū = bd̄ ⌘ b.

• Model I-B: Model I with aQ = ad̄ = bQ = bd̄ = 0, aū ⌘ a, and bū ⌘ b.

• Model I-C: Model I with aQ = aū = bQ = bū = 0, ad̄ ⌘ a, and bd̄ ⌘ b.

• Model II-A: Model II with aL = aē ⌘ a and bL = bē ⌘ b.

• Model II-B: Model II with bL = aL = 0, aē ⌘ a, and bē ⌘ b.

The rest of the parameters are set to be certain appropriate values in each analysis.
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Figure 3: Feynman diagrams for e↵ective DM-Higgs interactions.

arg(b) = 0.1 and 1 degrees, respectively. These plots show that both DM-MDM and EDM
described by gM and gE, respectively, have little dependence on the DM mass, as we fix
the ratios between the DM mass and the scalar masses. In addition, the DM-MDM is
almost independent of the CP phases in the DM-mediator couplings, while the DM-EDM
strongly depends on these phases as expected.

At one-loop level, the DM-Z boson, DM-Higgs boson, and DM-gluon interactions
are also induced through the diagrams shown in Fig. 1, Fig. 3, and Fig. 4, respectively.
Explicit formulae for these e↵ective interactions are given in Appendix B.2, B.3, and B.4,
respectively. In what follows, we focus on the spin-independent interactions since the
limits on these interactions from the direct detection experiments are much stronger than
those on the spin-dependent interactions. We also neglect the e↵ective interactions that
are suppressed in the non-relativistic limit.

We further integrate out the Z and Higgs bosons to obtain the e↵ective DM-quark/gluon
operators. At low energies with three flavor quarks, the relevant interactions are6

Le↵–q/g = Cq
V ��

µ�q�µq + Cq
Smq��qq + Cg

S�� · ↵s

⇡
GA

µ⌫G
Aµ⌫ , (25)

where mq are the quark masses, ↵s ⌘ g2s/(4⇡) with gs the strong gauge coupling constant,
and GA

µ⌫ is the gluon field strength tensor. The vector and scalar couplings Cq
V and Cq

S are
generated via the Z and Higgs boson exchange processes, respectively, while the gluonic
interaction is induced by the Higgs exchange as well as the vector-like quark loop diagrams
shown in Fig. 4. The Wilson coe�cients of these operators are given in Appendix B.5.

These quark/gluon operators then induce the spin-independent DM-nucleon interac-
tions, which are described by

Le↵–N = f
(N)
V ��µ�N�µN + f

(N)
S ��NN , (26)

where N = p, n represents the nucleon field. The DM-nucleon vector coupling f
(N)
V is

readily obtained from the DM-quark couplings Cq
V as

f
(p)
V = 2Cu

V + Cd
V , f

(n)
V = Cu

V + 2Cd
V . (27)

6We include the factor ↵s/⇡ in the definition of the gluon scalar operator such that it is invariant
under the renormalization group (RG) flow at one-loop level [25, 26]. This operator runs and mixes with
the quark scalar operators at higher orders in ↵s, while the vector operator is invariant under the RG
flow.
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4.2 Scattering cross section

By using the e↵ective couplings obtained above, we evaluate the di↵erential scattering
cross section of the DM with a target nucleus with respect to the recoil energy ER:

d��T

dER
= F 2

c (ER)


Z2e2

4⇡

✓
1

ER
� 1

Emax
R (v2rel)

◆
(C�

M)2 +
Z2e2

4⇡v2rel

1

ER
(C�

E)
2

+
mT

2⇡v2rel

����Z
✓
f
(p)
S + f

(p)
V � eC�

R � e

2m�
C�

M

◆
+ (A� Z)

⇣
f
(n)
S + f

(n)
V

⌘����
2�

, (30)

where A, Z, andmT are the atomic number, mass number, and mass of the target nucleus,
respectively. vrel is the relative velocity of the DM and the target nucleus with vrel ⌘ |vrel|,
and Emax

R (v2rel) = 2m2
�mTv

2
rel/(m� +mT )2 is the maximum recoil energy for a given vrel.

Fc(ER) is the nuclear form factor, for which we exploit the Lewin-Smith parametrization
[29] of the Helm form factor [30]:

F 2
c (ER) =

✓
3j1(qR)

qR

◆2

e�q2s2 , (31)

with j1(x) a spherical Bessel function of the first kind, q =
p
2mTER, s = 0.9 fm,

R =
q
c2 + 7

3
⇡2a2 � 5s2, a = 0.52 fm, and c = (1.23A1/3 � 0.60) fm.

Figure 6 shows the first, second, and third terms in the square bracket in Eq. (30) as
functions of the DM mass in the black, purple, and green lines, respectively; we refer to
them as the MDM, EDM, and Contact contributions, respectively. Here we take the same
parameter sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1)
degrees, and fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s,
Z = 54, A = 131, and mT ' 122 GeV (for 131Xe). As we see, the Contact contributions
in Model I-C, II-A, and II-B are much smaller than the MDM and EDM contributions
due to the cancellation found in Fig. 5. Moreover, if there is a sizable CP violation in
the DM couplings, the EDM contribution dominates the other contributions, since this
contribution is strongly enhanced at low recoil energy because of the long-range photon
exchange, as can be seen in Eq. (30).

4.3 Event rate

We are now ready to estimate the expected number of events in direct detection exper-
iments. The di↵erential event rate of the DM-target nuclei scattering process per unit
detector mass is

dR

dER
=

⇢DM

mTm�

Z 1

v
min

(ER)

d3vrel vrel f�(vrel)
d��T

dER
, (32)
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due to the cancellation found in Fig. 5. Moreover, if there is a sizable CP violation in
the DM couplings, the EDM contribution dominates the other contributions, since this
contribution is strongly enhanced at low recoil energy because of the long-range photon
exchange, as can be seen in Eq. (30).

4.3 Event rate

We are now ready to estimate the expected number of events in direct detection exper-
iments. The di↵erential event rate of the DM-target nuclei scattering process per unit
detector mass is

dR

dER
=

⇢DM

mTm�

Z 1

v
min

(ER)

d3vrel vrel f�(vrel)
d��T

dER
, (32)
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Models	
Table 1: Quantum numbers of DM and mediators. A new global symmetry U(1)D is for
stability of the DM.

Field Spin SU(3)C SU(2)L U(1)Y U(1)D

⇠� 1/2 1 1 0 +1

⌘� 1/2 1 1 0 �1

⇠Q 1/2 3 2 1
6

0

⌘Q 1/2 3 2 �1
6

0
eQ 0 3 2 1

6
+1

⇠ū 1/2 3 1 �2
3

0

⌘ū 1/2 3 1 2
3

0

ēu 0 3 1 �2
3

�1

⇠d̄ 1/2 3 1 1
3

0

⌘d̄ 1/2 3 1 �1
3

0
ēd 0 3 1 1

3
�1

⇠L 1/2 1 2 �1
2

0

⌘L 1/2 1 2 1
2

0
eL 0 1 2 �1

2
+1

⇠ē 1/2 1 1 1 0

⌘ē 1/2 1 1 �1 0

ēe 0 1 1 1 �1

are assumed to be singlet under the SM gauge interactions.2 We then introduce a global
U(1) symmetry, U(1)D, and assume that these fermions have the U(1)D charge +1 and
�1, respectively. The SM particles are supposed to be singlet under the U(1)D symmetry.

In addition, we introduce vector-like fermions and complex scalars as mediators, in
order to couple the Dirac fermion DM to the SM sector at loop level. These additional
particles have SM gauge interactions, which then induce the couplings of the DM with
the SM gauge bosons through quantum corrections. To avoid stable charged/colored
fermions, we assume the extra vector-like fermions to have the same quantum numbers
as those of the SM fermions and to mix with the SM fermions by a small amount. Thus,
these extra fermions should be singlet under U(1)D. For the DM to couple with the extra
fermions, we need to assume that the extra scalar particles also have the same quantum
numbers as those of the SM fermions and are charged under U(1)D. These U(1)D-charged

2Weyl fermions are assumed to be left-handed throughout this paper.
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Interac(ons	

scalars are supposed to be heavier than the Dirac fermion DM to insure the stability of
DM.

We list sets of such extra scalars and fermions and show their quantum numbers in
Table 1. Here, all of the fermionic fields are introduced in a vector-like manner so that
they form Dirac fields. This simultaneously assures that these new fermions do not cause
gauge anomaly. In addition, since the Dirac fermion DM is the only fermion that has
non-zero U(1)D charge, this U(1)D symmetry is also anomaly-free.3

In what follows, we consider two models where di↵erent sets of fields are added to the

SM besides the Dirac fermion DM �; Model I contains ⇠Q, ⌘Q, eQ, ⇠ū, ⌘ū, ēu, ⇠d̄, ⌘d̄, and ēd,
while Model II includes ⇠L, ⌘L, eL, ⇠ē, ⌘ē, and ēe. These sets of particles are shaded in pink
and green in Table 1, respectively. These two models are qualitatively di↵erent, since in
Model I the DM interacts with colored particles while it does not in Model II. We also
denote the SU(2)L component fields of ⇠Q, ⌘Q, ⇠L, and ⌘L by

⇠Q =

 
⇠u

⇠d

!
, ⌘Q =

 
⌘u

⌘d

!
, ⇠L =

 
⇠⌫

⇠e

!
, ⌘L =

 
⌘⌫

⌘e

!
, (1)

respectively, while for eQ and eL

eQ =

 
eu
ed

!
, eL =

 
e⌫
ee

!
. (2)

The mass terms of these fields are given by

Lmass =�
h
µ�⇠�⌘� +

X

f

µf⇠f⌘f + h.c.
i
�
X

f

em2
f | ef |2 , (3)

where the sum is taken over the extra matters in each model. em2
f are real, while µ� and

µf are in general complex quantities.
In both of the models, the Dirac fermion DM has the following interactions:

L�ff̃ = aQ ⇠�⇠Q eQ⇤ + bQ ⌘�⌘Q eQ+ aū ⇠�⌘ūēu+ bū ⌘�⇠ūēu
⇤
+ ad̄ ⇠�⌘d̄

ēd+ bd̄ ⌘�⇠d̄
ēd
⇤

+ aL ⇠�⇠LeL⇤ + bL ⌘�⌘LeL+ aē ⇠�⌘ēēe+ bē ⌘�⇠ēēe
⇤
+ h.c. . (4)

These interactions induce the annihilation of the DM into the extra vector-like fermions
via t-channel exchange of the extra scalars if the vector-like fermions are lighter than the
DM.

3For this reason, we may also consider the gauged U(1)D symmetry instead of the global symmetry. In
this case, the Dirac fermion DM has the U(1)D gauge interaction, which may a↵ect its phenomenological
properties significantly. Although this is an interesting possibility, we do not consider this case in the
following discussion.
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The vector-like fermions may have Yukawa couplings with the SM Higgs field H as
they are allowed by the gauge invariance in the models,

LYukawa =� ū⇠ū✏↵�(⇠Q)↵(H)� � 0
ū⌘ū(⌘Q)

↵( eH)↵

� d̄⇠d̄(⇠Q)↵(H
†)↵ � 0

d̄⌘d̄(⌘Q)
↵(H)↵

� ē⇠ē(⇠L)↵(H
†)↵ � 0

ē⌘ē(⌘L)
↵(H)↵ + h.c. , (5)

where ↵, � are SU(2)L indices, ✏↵� is the anti-symmetric tensor with ✏12 = �✏21 = +1, and
eH ⌘ i⌧2H

†. Note that, in this paper, we have defined ⌘Q and ⌘L such that they transform
as anti-fundamental representations of SU(2)L; i.e., i⌧2⌘Q and i⌧2⌘L are fundamental
representations of SU(2)L, where ⌧a (a = 1, 2, 3) are the Pauli matrices. As mentioned
above, we assume that the extra vector-like fermions have small but non-zero Yukawa
couplings with the SM fermions so that these vector-like fermions decay into the SM
fermions; we do not show these terms explicitly here and hereafter. The new scalar fields
may also have trilinear terms similar to the terms in Eq. (5):

Ltri = �Aūēu✏↵�( eQ)↵(H)� � Ad̄
ēd( eQ)↵(H

†)↵ � Aēēe(eL)↵(H†)↵ + h.c. . (6)

In addition, there may be quartic couplings

Lquart = �
X

f

�f | ef |2|H|2 � �0
Q
eQ†⌧a eQH†⌧aH � �0

L
eL†⌧aeLH†⌧aH + . . . , (7)

where dots indicate other quartic terms that contain only the new scalar fields. Such
terms are irrelevant to the following analysis, and thus we neglect them in what follows.
The extra-scalar interactions in Eqs. (6) and (7) give rise to the mass terms of the extra
scalars as we see in the next subsection.

2.2 Mass eigenstates

After the Higgs field develops a vacuum expectation value (VEV),4

hHi = 1p
2

 
0

v

!
, (8)

with v ' 246 GeV, the extra fermions and scalars mix among each other. For the fermionic
part, the mass terms are

L(ferm)
mass = �

X

f=u,d,e

�
⌘f , ⇠f̄

�Mf

 
⇠f

⌘f̄

!
� µL⇠⌫⌘⌫ + h.c. , (9)

4We take v to be real without loss of generality.
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Figure 1: Feynman diagrams for e↵ective DM-�/Z interactions.

4.1 E↵ective interactions

To begin with, let us consider the e↵ective couplings of DM with photon (�). The Dirac
fermion DM couples with photon at one-loop level through the Feynman diagrams de-
picted in Fig. 1. The relevant DM-� interactions for the direct detection experiments are
given by

Le↵–� =
1

2
C�

M��µ⌫�Fµ⌫ � i

2
C�

E��
µ⌫�5�Fµ⌫ + C�

R��
µ�@⌫Fµ⌫ , (23)

with Fµ⌫ being the field strength of the photon field, Aµ: Fµ⌫ ⌘ @µA⌫ � @⌫Aµ. Here C�
M ,

C�
E, and C�

R denote the Wilson coe�cients for the DM magnetic dipole moment (DM-
MDM), the DM electric dipole moment (DM-EDM), and the DM charge radius (DM-CR),
respectively. These Wilson coe�cients are obtained through the matching of our models
onto the e↵ective theory with these interactions; the concrete expressions for these Wilson
coe�cients are summarized in Appendix B.1. The DM-EDM is induced in the presence
of non-zero CP-phases in the DM-mediator couplings. We note in passing that we have
ignored the DM anapole moment, described by the e↵ective operator �̄�µ�5�@

⌫Fµ⌫ , as
this contribution is always subdominant due to the velocity suppression.

As we see in Sec. 2, there are many free parameters in both Model I and II. To
simplify the analysis, in what follows, we focus on the following five cases and study their
phenomenologies:

• Model I-A: Model I with aQ = aū = ad̄ ⌘ a and bQ = bū = bd̄ ⌘ b.

• Model I-B: Model I with aQ = ad̄ = bQ = bd̄ = 0, aū ⌘ a, and bū ⌘ b.

• Model I-C: Model I with aQ = aū = bQ = bū = 0, ad̄ ⌘ a, and bd̄ ⌘ b.

• Model II-A: Model II with aL = aē ⌘ a and bL = bē ⌘ b.

• Model II-B: Model II with bL = aL = 0, aē ⌘ a, and bē ⌘ b.

The rest of the parameters are set to be certain appropriate values in each analysis.
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Diagrams	for	SI	sca/ering	

efkefj

 fi

h
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 fi fj

efk

h
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Figure 3: Feynman diagrams for e↵ective DM-Higgs interactions.

arg(b) = 0.1 and 1 degrees, respectively. These plots show that both DM-MDM and EDM
described by gM and gE, respectively, have little dependence on the DM mass, as we fix
the ratios between the DM mass and the scalar masses. In addition, the DM-MDM is
almost independent of the CP phases in the DM-mediator couplings, while the DM-EDM
strongly depends on these phases as expected.

At one-loop level, the DM-Z boson, DM-Higgs boson, and DM-gluon interactions
are also induced through the diagrams shown in Fig. 1, Fig. 3, and Fig. 4, respectively.
Explicit formulae for these e↵ective interactions are given in Appendix B.2, B.3, and B.4,
respectively. In what follows, we focus on the spin-independent interactions since the
limits on these interactions from the direct detection experiments are much stronger than
those on the spin-dependent interactions. We also neglect the e↵ective interactions that
are suppressed in the non-relativistic limit.

We further integrate out the Z and Higgs bosons to obtain the e↵ective DM-quark/gluon
operators. At low energies with three flavor quarks, the relevant interactions are6

Le↵–q/g = Cq
V ��

µ�q�µq + Cq
Smq��qq + Cg

S�� · ↵s

⇡
GA

µ⌫G
Aµ⌫ , (25)

where mq are the quark masses, ↵s ⌘ g2s/(4⇡) with gs the strong gauge coupling constant,
and GA

µ⌫ is the gluon field strength tensor. The vector and scalar couplings Cq
V and Cq

S are
generated via the Z and Higgs boson exchange processes, respectively, while the gluonic
interaction is induced by the Higgs exchange as well as the vector-like quark loop diagrams
shown in Fig. 4. The Wilson coe�cients of these operators are given in Appendix B.5.

These quark/gluon operators then induce the spin-independent DM-nucleon interac-
tions, which are described by

Le↵–N = f
(N)
V ��µ�N�µN + f

(N)
S ��NN , (26)

where N = p, n represents the nucleon field. The DM-nucleon vector coupling f
(N)
V is

readily obtained from the DM-quark couplings Cq
V as

f
(p)
V = 2Cu

V + Cd
V , f

(n)
V = Cu

V + 2Cd
V . (27)

6We include the factor ↵s/⇡ in the definition of the gluon scalar operator such that it is invariant
under the renormalization group (RG) flow at one-loop level [25, 26]. This operator runs and mixes with
the quark scalar operators at higher orders in ↵s, while the vector operator is invariant under the RG
flow.
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Figure 4: Feynman diagrams for e↵ective DM-gluon interactions.

On the other hand, to obtain the DM-nucleon scalar coupling f
(N)
S from the quark/gluon

scalar couplings Cq
S and Cg

S, we need the nucleon matrix elements of the quark scalar

operators defined by f
(N)
Tq

⌘ hN |mq q̄q|Ni/mN with mN the nucleon mass. A recent
compilation [27] gives

f
(p)
Tu

= 0.018(5) , f
(p)
Td

= 0.027(7) , f
(p)
Ts

= 0.037(17) ,

f
(n)
Tu

= 0.013(3) , f
(n)
Td

= 0.040(10) , f
(n)
Ts

= 0.037(17) . (28)

At leading order in ↵s, we then have [28]

f
(N)
S

mN
=

X

q=u,d,s

Cq
Sf

(N)
Tq

� 8

9
Cg

Sf
(N)
TG

, (29)

with f
(N)
TG

⌘ 1�P
q=u,d,s f

(N)
Tq

.
To see the significance of the contributions of the vector and scalar interactions as

well as that of the charge radius, in Fig. 5, we plot the absolute values of f
(p)
V , f

(p)
S ,

eC�
R, and eC�

M/(2m�) as functions of m� in the green, red, blue, and black lines, respec-
tively, with the minus sign indicated if the corresponding quantity is negative. As we
see below (Eq. (30)), these terms interfere with each other to give a contribution to the
spin-independent charge-charge scattering of the DM with protons. We will see below
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Figure 6: The first, second, and third terms in the square bracket in Eq. (30) as functions of
DM mass in black, purple, and green lines, respectively. Here we take the same parameter
sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and
fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s, Z = 54,
A = 131, and mT ' 122 GeV (for 131Xe).

where ⇢DM is the local DM density, f�(vrel) is the DM velocity distribution in the lab
frame, and vmin(ER) is the minimum speed required to yield recoil energy ER:

vmin(ER) =

s
(m� +mT )2ER

2m2
�mT

. (33)

For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the
galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
vesc; namely,

f�(v) = f(v + vE) , (34)

with vE denotes the velocity of the Earth with respect to the galactic frame and

f(v) =

(
1
N e�v2/v2

0 (|v| < vesc)

0 (|v| > vesc)
, (35)

16

EDM ( arg(b) = 0.1 [deg] )

MDM ( arg(b) = 0.1, 1 [deg] )

Contact ( arg(b) = 0.1, 1 [deg] )

EDM ( arg(b) = 1 [deg] )

103 104

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

di
ffr
en
tia
lc
ro
ss
se
ct
io
n
[G
eV

-1
]

(I-A)

EDM ( arg(b) = 0.1 [deg] )
MDM ( arg(b) = 0.1, 1 [deg] )

Contact ( arg(b) = 0.1, 1 [deg] )

EDM ( arg(b) = 1 [deg] )

103 104

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

di
ffr
en
tia
lc
ro
ss
se
ct
io
n
[G
eV

-1
]

(I-B)

EDM ( arg(b) = 0.1 [deg] )
MDM ( arg(b) = 0.1, 1 [deg] )Contact ( arg(b) = 0.1, 1 [deg] )

EDM ( arg(b) = 1 [deg] )

103 104

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

di
ffr
en
tia
lc
ro
ss
se
ct
io
n
[G
eV

-1
]

(I-C)

EDM ( arg(b) = 0.1 [deg] )
MDM ( arg(b) = 0.1, 1 [deg] )

Contact ( arg(b) = 0.1, 1 [deg] )

EDM ( arg(b) = 1 [deg] )

103 104

10-8

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]
di
ffr
en
tia
lc
ro
ss
se
ct
io
n
[G
eV

-1
]

(II-A)

EDM ( arg(b) = 0.1 [deg] )
MDM ( arg(b) = 0.1, 1 [deg] )

Contact ( arg(b) = 0.1, 1 [deg] )

EDM ( arg(b) = 1 [deg] )

103 104

10-8

10-7

10-6

10-5

10-4

10-3

10-2

mχ [GeV]

di
ffr
en
tia
lc
ro
ss
se
ct
io
n
[G
eV

-1
]

(II-B)

Figure 6: The first, second, and third terms in the square bracket in Eq. (30) as functions of
DM mass in black, purple, and green lines, respectively. Here we take the same parameter
sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and
fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s, Z = 54,
A = 131, and mT ' 122 GeV (for 131Xe).

where ⇢DM is the local DM density, f�(vrel) is the DM velocity distribution in the lab
frame, and vmin(ER) is the minimum speed required to yield recoil energy ER:

vmin(ER) =

s
(m� +mT )2ER

2m2
�mT

. (33)

For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the
galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
vesc; namely,

f�(v) = f(v + vE) , (34)

with vE denotes the velocity of the Earth with respect to the galactic frame and

f(v) =

(
1
N e�v2/v2

0 (|v| < vesc)

0 (|v| > vesc)
, (35)
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Figure 6: The first, second, and third terms in the square bracket in Eq. (30) as functions of
DM mass in black, purple, and green lines, respectively. Here we take the same parameter
sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and
fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s, Z = 54,
A = 131, and mT ' 122 GeV (for 131Xe).

where ⇢DM is the local DM density, f�(vrel) is the DM velocity distribution in the lab
frame, and vmin(ER) is the minimum speed required to yield recoil energy ER:

vmin(ER) =

s
(m� +mT )2ER

2m2
�mT

. (33)

For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the
galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
vesc; namely,

f�(v) = f(v + vE) , (34)

with vE denotes the velocity of the Earth with respect to the galactic frame and

f(v) =

(
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, (35)
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Figure 6: The first, second, and third terms in the square bracket in Eq. (30) as functions of
DM mass in black, purple, and green lines, respectively. Here we take the same parameter
sets as in Fig. 2, with the solid (dashed) lines correspond to arg(b) = 0.1 (1) degrees, and
fix the rest of the parameters in Eq. (30) to be ER = 30 keV, vrel = 232 km/s, Z = 54,
A = 131, and mT ' 122 GeV (for 131Xe).

where ⇢DM is the local DM density, f�(vrel) is the DM velocity distribution in the lab
frame, and vmin(ER) is the minimum speed required to yield recoil energy ER:

vmin(ER) =

s
(m� +mT )2ER

2m2
�mT

. (33)

For the DM velocity distribution, we assume a Maxwell-Boltzmann distribution in the
galactic frame with a maximum speed that is set to be equal to the galaxy escape velocity
vesc; namely,

f�(v) = f(v + vE) , (34)

with vE denotes the velocity of the Earth with respect to the galactic frame and

f(v) =

(
1
N e�v2/v2

0 (|v| < vesc)

0 (|v| > vesc)
, (35)
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Figure 2: DM-MDM and DM-EDM, gM and gE, as functions of DM mass m� in the black
and purple lines, respectively. We take a = |b| = 1, �0

Q = �0
L = 0, �f = f̄ = 0

f̄
= 0.5,

µQ = µL = 800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M ,
emū = 1.1M , emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.

In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass m� in the black and purple lines, respectively, where the Wilson coe�cients are
normalized such that

C�
M ⌘ egM

4m�
, C�

E ⌘ egE
4m�

. (24)

In all of these plots we take a = |b| = 1, �0
Q = �0

L = 0, �f = f̄ = 0
f̄
= 0.5, µQ = µL =

800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M , emū = 1.1M ,
emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�).5 The solid and dashed lines correspond to

5 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [19, 20]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [21, 22]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [23, 24]. The
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > m� � 1 TeV.
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= 0.5,

µQ = µL = 800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M ,
emū = 1.1M , emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.

In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass m� in the black and purple lines, respectively, where the Wilson coe�cients are
normalized such that
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In all of these plots we take a = |b| = 1, �0
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L = 0, �f = f̄ = 0
f̄
= 0.5, µQ = µL =

800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M , emū = 1.1M ,
emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�).5 The solid and dashed lines correspond to

5 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [19, 20]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [21, 22]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [23, 24]. The
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > m� � 1 TeV.
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= 0.5,

µQ = µL = 800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M ,
emū = 1.1M , emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.

In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass m� in the black and purple lines, respectively, where the Wilson coe�cients are
normalized such that
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In all of these plots we take a = |b| = 1, �0
Q = �0

L = 0, �f = f̄ = 0
f̄
= 0.5, µQ = µL =

800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M , emū = 1.1M ,
emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�).5 The solid and dashed lines correspond to

5 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [19, 20]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [21, 22]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [23, 24]. The
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > m� � 1 TeV.
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Figure 7: Current constraints from XENON1T [31] on the DM-MDM and DM-EDM as
functions of the DM mass shown in the green shaded regions, as well as the sensitivity of
XENONnT [32] in the green solid line. We also show values of gM and gE predicted in
Model I-A, which have already been shown in Fig. 2.

scale through the MDM and EDM interactions; in particular, the EDM interaction may
allow us to probe the DM with a mass of as large as O(10) TeV if there is a sizable CP
violation in the DM couplings. More detailed analysis for each model is given in Sec. 6.

5 Electric Dipole Moments

As we mentioned above, the DM-EDM is induced only in the presence of CP phases in
the couplings of new particles. Such CP phases may also induce CP-odd quantities in
the SM sector, which can be probed via the measurements of the EDMs of electron and
nucleons. In this section, we evaluate these EDMs induced in our models.

5.1 CP violation in the DM interactions

Let us first consider the case with 'µf
6= 0. In this case, in Model I, the non-zero CP

phase 'µf
induces the Weinberg operator [11] at the two-loop level through the diagram

depicted in Fig. 8:8

L��CP = �1

6
w fABC✏µ⌫⇢�GA

µ�G
B�
⌫ GC

⇢� , (38)

8'Af̄
also induces the Weinberg operator, but this contribution is smaller than that from 'µf as it is

always accompanied by the insertion of Higgs VEVs.
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Figure 2: DM-MDM and DM-EDM, gM and gE, as functions of DM mass m� in the black
and purple lines, respectively. We take a = |b| = 1, �0

Q = �0
L = 0, �f = f̄ = 0

f̄
= 0.5,

µQ = µL = 800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M ,
emū = 1.1M , emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.

In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass m� in the black and purple lines, respectively, where the Wilson coe�cients are
normalized such that

C�
M ⌘ egM

4m�
, C�

E ⌘ egE
4m�

. (24)

In all of these plots we take a = |b| = 1, �0
Q = �0

L = 0, �f = f̄ = 0
f̄
= 0.5, µQ = µL =

800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M , emū = 1.1M ,
emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�).5 The solid and dashed lines correspond to

5 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [19, 20]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [21, 22]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [23, 24]. The
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > m� � 1 TeV.
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emū = 1.1M , emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�). The solid and dashed lines
correspond to arg(b) = 0.1 and 1 degrees, respectively.

In Fig. 2, we show the values of the DM-MDM and DM-EDM as functions of the DM
mass m� in the black and purple lines, respectively, where the Wilson coe�cients are
normalized such that
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Q = �0

L = 0, �f = f̄ = 0
f̄
= 0.5, µQ = µL =

800 GeV, µū = 750 GeV, µd̄ = µē = 700 GeV, while emQ = emL = 1.2M , emū = 1.1M ,
emd̄ = emē = M , and Af̄ = 2M (M = 1.1m�).5 The solid and dashed lines correspond to

5 Let us give some comments on the present LHC bounds on the masses of the extra scalars and
fermions. For vector-like quarks, the limits strongly depend on their decay modes. If they decay into
third-generation quarks, the present limits on the masses are as strong as & 1.3 TeV [19, 20]. If, on the
other hand, they can decay into only the light quarks, the limits can be lower than 500 GeV, depending on
their decay channels [21, 22]. For colored scalars, we refer to squark searches; for a DM mass of & 1 TeV,
colored scalars evade the LHC limits as long as their masses are larger than the DM mass [23, 24]. The
bounds on non-colored vector-like fermions and scalars are much weaker than those on colored particles.
Taking account of these limits, in our analysis, we set the vector-like fermion masses to be & 700 GeV
and the scalar masses to be > m� � 1 TeV.
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Figure 13: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. The
gray shaded area represents the region where the DM density exceeds the observed value:
⌦DMh

2 � 0.12. Here, we take arg(b) = 0.

the cases where certain sets of vector-like fermions and complex scalars are introduced as
mediator fields, which are supposed to interact with the SM gauge and Higgs bosons at
the renormalizable level. The Dirac fermion DM has phenomenologically distinct features
as it is able to have vector and tensor couplings, which in general result in a large DM-
nucleus scattering rate. In addition, the Dirac fermion DM particles can pair-annihilate
in the s-wave processes without su↵ering from a chirality suppression, which allows the
DM to avoid overproduction even if the DM mass is > 1 TeV. Indeed, we have found that
the right amount of DM abundance is obtained for a DM mass of O(1) TeV with O(1)
DM-mediator couplings, if vector-like fermions are lighter than the Dirac fermion DM.

These simplified models generically introduce new CP phases in the couplings. If there
is a CP phase in the DM-mediator couplings, the DM acquires an EDM, which strongly
enhances the DM-nucleus scattering cross section. Such a CP phase also induces nucleon
EDMs via the Weinberg operator if the mediator fields have color charges (Model I). Even
if the mediators are non-colored particles, CP phases in the couplings between the vector-
like fermions and the SM Higgs field generate the electron and nucleon EDMs through
the Barr-Zee diagrams.
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sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. The
gray shaded area represents the region where the DM density exceeds the observed value:
⌦DMh

2 � 0.12. Here, we take arg(b) = 0.

the cases where certain sets of vector-like fermions and complex scalars are introduced as
mediator fields, which are supposed to interact with the SM gauge and Higgs bosons at
the renormalizable level. The Dirac fermion DM has phenomenologically distinct features
as it is able to have vector and tensor couplings, which in general result in a large DM-
nucleus scattering rate. In addition, the Dirac fermion DM particles can pair-annihilate
in the s-wave processes without su↵ering from a chirality suppression, which allows the
DM to avoid overproduction even if the DM mass is > 1 TeV. Indeed, we have found that
the right amount of DM abundance is obtained for a DM mass of O(1) TeV with O(1)
DM-mediator couplings, if vector-like fermions are lighter than the Dirac fermion DM.

These simplified models generically introduce new CP phases in the couplings. If there
is a CP phase in the DM-mediator couplings, the DM acquires an EDM, which strongly
enhances the DM-nucleus scattering cross section. Such a CP phase also induces nucleon
EDMs via the Weinberg operator if the mediator fields have color charges (Model I). Even
if the mediators are non-colored particles, CP phases in the couplings between the vector-
like fermions and the SM Higgs field generate the electron and nucleon EDMs through
the Barr-Zee diagrams.
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Figure 14: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| � 2.5⇥ 10�29 e · cm
[38], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ⌦DMh

2 � 0.12. Here we take m� = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.

To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the e↵ect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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Figure 14: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| � 2.5⇥ 10�29 e · cm
[38], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ⌦DMh

2 � 0.12. Here we take m� = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.

To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the e↵ect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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Figure 14: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| � 2.5⇥ 10�29 e · cm
[38], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ⌦DMh

2 � 0.12. Here we take m� = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.

To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the e↵ect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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Figure 14: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| � 2.5⇥ 10�29 e · cm
[38], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ⌦DMh

2 � 0.12. Here we take m� = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.

To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the e↵ect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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Figure 14: Current limits provided by XENON1T [31] (green shaded area) and expected
sensitivity of XENONnT [32] (green solid line) in the parameter space of each model. We
also show the predicted values of the nucleon EDM in the magenta solid lines, as well as
the expected reach provided by the future nucleon EDM search, |dp| � 2.5⇥ 10�29 e · cm
[38], in the magenta shaded region. The gray shaded area represents the region where
the DM density exceeds the observed value: ⌦DMh

2 � 0.12. Here we take m� = 3 TeV,
2 TeV, 2 TeV, 2 TeV, and 1.5 TeV in the cases of Model I-A, I-B, I-C, II-A, and II-B,
respectively.

To see the experimental implications of the rich phenomenology of the Dirac fermion
DM, in this paper, we consider the DM direct detection experiments and the EDM mea-
surements, with particular emphasis on the e↵ect of CP phases on the observables in these
experiments. For direct detection experiments, it turns out that the current limit set by
the XENON1T experiment has already started to be excluded the parameter space. In
particular, if there is a sizable CP phase in the DM-mediator couplings, the DM direct
detection rate is significantly enhanced due to the DM-EDM contribution via the photon
exchange so that even the current limit excludes a wide range of the parameter space.
We also find that the future DM experiments can basically probe all of the parameter re-
gion favored by the thermal relic abundance of the DM. As mentioned above, CP phases
in the DM-mediator couplings, which generate the DM-EDM, also induce the nucleon
EDMs in Model I, and in fact we have found a correlation between these observables.
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Summary	of	this	talk	

Dark	ma/er	is	a	window	to	BSM.	Improvements	of	direct	detec(on	
experiments	using	noble	liquid	are	quite	impressive	now.	Future	
experiments	are	sensi(ve	to	models	in	which	DM	is	coupled	with	
SM	fields	at	loop	level.		We	discussed	about	such	three	models,		
	
•  Wino	dark	ma/er	
•  Peudo	scalar	mediated	(singlet	fermion)	dark	ma/er	
•  Dirac	fermion	dark	ma/er	

	


