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WIMP dark matter
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Constraints from direct detection
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Fermionic DM with Pseudo-scalar coupling
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only pseudo-scalar interaction 
thanks to CP invariance
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A model with pseudo-scalar mediator (cont’d)
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A model with pseudo-scalar mediator (cont’d)
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A model with pseudo-scalar mediator (cont’d)
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Loop diagrams are essential for σSI
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loop diagrams
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loop diagrams

h/H

q

�

q

�

<latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a,A a,A

q

�

q

�

<latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�̄�Ga
µ⌫G

aµ⌫
<latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit>

�̄�q̄q
<latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit>

Q = t, b, c (heavy quarks)
<latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit>

g (�TWWX�L4IOZI8[�BMZM�.IT.]TI?ML�4V�?PM�T4?MZI?]ZM[�*:XMS�� c(+���4Z.IL4�� c(.���5MTT�� c(.���mH�
p-]?�?PM�NWTTWB4VO�?MZ8[�BMZM�4OVWZML�

c1a
2
0H

†
1H1 + c2a

2
0H

†
2H2

<latexit sha1_base64="Sf75U6fSFoezzNcVGUA/RC3FBpE="></latexit>

h/H

� �

Q

<latexit sha1_base64="xC/VoLNAzk94dIdGFkmXA7ilf2M="></latexit>

Q
<latexit sha1_base64="d0bmI6JSzZ/DJbJkLgwmO9dPq94="></latexit>

Q
<latexit sha1_base64="d0bmI6JSzZ/DJbJkLgwmO9dPq94="></latexit>

pBM�eVL�?PMa�IZM�48XWZ?IV?�*D5�9?R4AI<I��4=I9W�!
()1�H

CWUM�L4I2<IU=�AM<M�KITK?TI[ML��J?[�9W[�ITT�[PM�L4I2<IU=
FM�KITK?TI[M�ITT�[PM�<MTM]I9[�L4I2<IU=�*D5�9?R4AI<I��4=I9W�!
()1�H



C�
()1 DWUWP4<W�5JM�!�5%��="��#I2WBI�E� �0

loop diagrams

h/H

q

�

q

�

<latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a,A a,A

q

�

q

�

<latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�̄�Ga
µ⌫G

aµ⌫
<latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit>

�̄�q̄q
<latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit>

Q = t, b, c (heavy quarks)
<latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit>

g (�TWWX�L4IOZI8[�BMZM�.IT.]TI?ML�4V�?PM�T4?MZI?]ZM[�*:XMS�� c(+���4Z.IL4�� c(.���5MTT�� c(.���mH�
p-]?�?PM�NWTTWB4VO�?MZ8[�BMZM�4OVWZML�

c1a
2
0H

†
1H1 + c2a

2
0H

†
2H2

<latexit sha1_base64="Sf75U6fSFoezzNcVGUA/RC3FBpE="></latexit>

g )�TWWX�L4IOZI8[�BMZM�dM[?48I?MLh�4V�?PM�T4?MZI?]ZM�*4Z.IL4�� c(.�H�
p-]?�VW?�d.IT.]TI?MLd�
pBM�eVL�?PM4Z�M[?48I?4WV�4[�VW?�[W�I..]ZI?M��*D5�9?R4AI<I��4=I9W�!
()1�H

h/H

� �

Q

<latexit sha1_base64="xC/VoLNAzk94dIdGFkmXA7ilf2M="></latexit>

Q
<latexit sha1_base64="d0bmI6JSzZ/DJbJkLgwmO9dPq94="></latexit>

Q
<latexit sha1_base64="d0bmI6JSzZ/DJbJkLgwmO9dPq94="></latexit>

pBM�eVL�?PMa�IZM�48XWZ?IV?�*D5�9?R4AI<I��4=I9W�!
()1�H

CWUM�L4I2<IU=�AM<M�KITK?TI[ML��J?[�9W[�ITT�[PM�L4I2<IU=
FM�KITK?TI[M�ITT�[PM�<MTM]I9[�L4I2<IU=�*D5�9?R4AI<I��4=I9W�!
()1�H



C�
()1 DWUWP4<W�5JM�!�5%��="��#I2WBI�E� �1

σSI is large if C2 ≠ 0Figure 9: The comparison about the e↵ect of changing c2 and ma. The upper row shows the
case for |c2| = 0.5, and the lower for |c2| = 1. The left column shows the case for ma = 70
GeV, and the right for ma = 100 GeV. The other parameters are fixed mA = 600 GeV,
✓ = 0.1, t� = 10, c1 = 0 for all the figure. The region where g�  1 is the left hand side of
the dashed vertical line. The experimental bounds are the same as in Fig. 6.
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Figure 9. The SI cross section at the four benchmark points. The upper panels show the case
for |c2| = 0.5, and the lower for |c2| = 1. The left panels show the case for ma = 70GeV, and the
right for ma = 100GeV. The other parameters are mA = 600GeV, θ = 0.1, tβ = 10, c1 = 0 for all
the panels. The regions where gχ > 1 are shown as the gray region. The blue regions are excluded
by the latest result of the XENON1T experiment [3]. The purple, brown, and gray dotted lines
indicate the future sensitivities of the XENONnT [20], LZ [21], and DARWIN experiments [22],
respectively. The yellow regions are below the neutrino floor [19].

and ma = 100GeV in the right panels. The DM coupling gχ becomes larger than 1 in the

gray region. The current bound, future prospects, and background of the direct detection

experiments shown in figure 9 are the same as those shown in figure 8.

From the figure, we find that σSI strongly depends on c2. In particular, σSI becomes

large for mχ ! 400GeV if c2 is nonzero. This is because ghaa becomes large by the effect

of c2 as we mentioned above. We also find that σSI for ma = 70GeV is larger than that

for ma = 100GeV as is expected. At these benchmark points, we find the large region

where σSI is above the neutrino floor while keeping gχ ≤ 1. For c2 = 1, ma = 70GeV, and

600GeV ≤ mχ ≤ 690GeV, σSI is above the future prospect lines of the XENONnT [20]

and LZ experiments [21] with gχ ≤ 1.

We also have checked the cross section of the different types of the THDM and found

that σSI in the large mχ region is type independent.

5 Conclusions

In this paper, we have discussed the physics of the DM direct detection in the pseudoscalar

mediator DM model. The tree-level amplitude of the DM-nucleon elastic scattering in
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top quark was overestimated in [11]. In the end, we clarify that the contribution from the

box diagrams is subdominant and the triangle diagrams dominate the scattering process.

The structure of this paper is as follows: in section 2, we introduce the gauge invariant

renormalizable model which contains the pseudoscalar mediators [6]. In section 3, we derive

the effective operators which induce the DM-nucleon SI scattering. In section 4, we show

our numerical results. We compare our result with the previous one in [11], and then search

the parameter space where σSI becomes large enough to reach the prospects of the direct

detection experiments. Our conclusions are in section 5. In appendix A, we show explicit

formulas for scalar trilinear couplings which are defined in section 2. In appendix B, we

write the details of the derivation of the effective operators for SI scattering between DM

and quarks/gluon. In appendix C, we define the loop functions used in section 3.

2 Model

In this section, we briefly review the pseudoscalar mediator DM model [6]. The model

contains a gauge singlet Majorana fermion χ as a DM candidate and a gauge singlet

pseudoscalar boson a0 as a mediator field. The DM can be expressed using Weyl spinor ψ

as follows:

χ =

(
ψ

ψ†

)
. (2.1)

The Higgs sector is also extended into a THDM, which contains two SU(2)L doublet scalar

fields Hj (j = 1, 2) with a hypercharge Y = 1/2.

We assume a Z2 symmetry to stabilize the DM candidate. Under this Z2 symmetry, χ

is odd, and all the other fields are even. The interaction terms of the DM and scalar fields

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 eq. (2.2), and therefore all the parameters in eq. (2.2) are

real. We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs couplings

at the tree-level. This symmetry is an extension of the softly broken Z2 symmetry often

– 3 –
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between pseudoscalar bosons and the SM-Higgs is important to enhance �SI. 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
e↵ective 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 �SI 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 e↵ective 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 � 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, � is odd and all the other fields are even. Thus � is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L �+ i
g�

2
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5
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†
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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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