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We investigate electric dipole moments (EDMs) in a CP-violating minimal supersymmetric standard
model with the binolike neutralino dark matter (DM) annihilating through the heavy Higgs funnel.
Motivated by the current experimental results, in particular, the measured mass of the standard model-like
Higgs boson, we consider a mass spectrum with stop masses of about 10 TeV. For the other sfermions, we
consider masses of about 100 TeV. We show thatCP-violating phases of the order of ten degrees in gaugino
and Higgsino mass parameters are consistent with the current bound by EDMs of the electron, the neutron,
and the mercury. They are within the reach of future experiments. We also show that effects of CP-violating
phases induce a difference in DM-nucleon scattering cross section by a factor.
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I. INTRODUCTION

Supersymmetry is an attractive candidate of physics
beyond the standard model (SM), although current results
fromLHC experiments indicate that supersymmetric (SUSY)
particles are heavier than have been expected. Attractive
aspects come from the fact that, for instance, the gauge
coupling unification is realized in the minimal SUSY SM
(MSSM), the gauge hierarchy problem is improved, and
elementary scalar fields such as Higgs fields are introduced in
a theoretically natural way. Moreover, SUSY models may
provide additional interesting consequences. SUSY interpre-
tation of muon anomalous magnetic moment is one example
[1–3]. SUSY models contain new sources of CP violation
and/or flavor violation, which potentially induce new CP or
flavorviolatingphenomena.The lightestSUSYparticle (LSP)
is stable and hence a good candidate for dark matter (DM) in
our Universe, if the R-parity is unbroken [4,5].
Electric dipole moments (EDMs) of the neutron and other

heavy atoms are prime physical quantities for probing
sources of CP violation. Parameters in the MSSM generally
pose several CP violating phases. It used to be regarded that
the null experimental EDM results confront the MSSMwith

Oð1Þ CP violating phases and Oð100Þ GeV masses of
SUSY particles [6–9]. The LHC results suggest that masses
of many SUSY particles are larger than Oð10Þ TeV.1
Therefore CP violating phases of order unity in the SUSY
sector [10,11] seems still likely and worth investigating. For
recent studies, see e.g., Refs. [12,13].
In the MSSM with R-parity, the lightest neutralino χ̃ is a

candidate of the weakly interacting mass particle (WIMP)
DM. While LHC experiments as well as direct detection
experiments of DM, such as LUX [14,15], XENON1T [16],
and PandaX-II [17,18] are constraining large parameter space
of the MSSM, there are still viable scenarios reproducing
thermal relic abundance of the DM consistently. Appropriate
magnitude of annihilation cross section of neutralino in the
early Universe is realized if (i) neutralinos annihilate signifi-
cantly through SU(2) gauge interaction, or (ii) annihilation
cross section of binolike neutralino is enhanced with a
particular mass spectrum of other associated particles.
Higgsino-like neutralino DM with the mass of about

1 TeV is an example in the former class. Phenomenology in
this scenario such as the direct detection of DM, contri-
bution to the EDMs, and collider signals have been
precisely studied in Ref. [19].
In this paper, we focus on another case in the later class;

a binolike neutralino DM annihilates through heavy Higgs
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1To be precise, a scenario with SUSY particles with masses of
a few TeV is still allowed. The current limit on gluino mass is
around 2 TeVand the squark masses can be smaller than 3 TeV in
the degenerate case.
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boson resonance [20–24].2 In this scenario where heavy
Higgs boson resonance in the neutralino DM annihilation is
utilized, masses of the heavy Higgs boson are about twice
of the mass of the neutralino DM. Since the binolike
neutralino contains small Higgsino component, the neutra-
lino canbe searched throughHiggs bosons exchangeby spin-
independent scattering off nucleus [26]. Masses of stops
would be around 10 TeV in order to reproduce the measured
SM-like Higgs boson mass (mh ¼ 125 GeV) [27,28]. Then,
all the other SUSYparticle masses and parameters except for
the bino mass, the Higgsino mass parameter μ, Bμ, and stop
masses can bemuch larger thanOð1Þ TeV.With such SUSY
particle mass spectrum, most of SUSY contributions to the
low energy phenomena can be decoupled as the irrelevant
SUSY particles are heavier, SUSY contributions to the
EDMs inCP violating models can still be significantly large
nevertheless. The main goal of this article is, by decoupling
the other particles, to estimate the magnitude of EDMs
induced byCP violation in neutralinoDM sector with taking
account of CP-violating phase effects into the thermal DM
abundance [29–34].
We examine the electron EDM, the nucleon EDM, and the

mercury EDM, as well as the DM-nucleon scattering cross
section on the parameter space, where appropriate thermal
DM relic abundance is reproduced, for order unity
CP-violating phases of gaugino mass parameters and the
μ parameter. For non-vanishing CP phase of μ and A
parameters, see, e.g., Refs. [29,32,35,36]. The magnitude
of scattering off cross section between DM and nucleon is
affected by the CP violating phases [32,37–42]. We also
study the dependence of spin-independent cross section of
the DM in our scenario and find that the effect changes by a
factor. We show that wide parameter regions in our scenario
are now unconstrained yet, but will be explored by future
experiments.
This article is organized as follows. In Sec. II, we define

a benchmark scenario for studying phenomenology in our
DM scenario. In Sec. III, we show the results of our analysis
on several EDM measurements and the spin-independent
cross section. Summary and conclusion are presented
in Sec. IV.

II. SETUP OF THE SCENARIO

In this section, we briefly review the MSSM Lagrangian,
and we describe the parameter setup for our analysis. The
superpotential and the soft SUSY breaking terms in the
MSSM are given by Ref. [43]

W ¼ ϵab½ðyeÞijHa
1L

b
i Ēj þ ðydÞijHa

1Q
b
i D̄j

þ ðyuÞijHa
2Q

b
i Ūj − μHa

1H
b
2�; ð2:1Þ
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respectively. The convention of the epsilon tensor is
ϵ12 ¼ −ϵ21 ¼ 1. Here, we note that gaugino mass parameter
for binoM1, winoM2, and gluinoM3 are in general complex.
In the following, we focus on the Yukawa couplings of the
third generation quarks and leptons, so that we use yt, yb, and
yτ for the Yukawa couplings of top, bottom, and tau,
respectively. Neglecting the flavor mixing in the soft
SUSY breaking terms, we take flavor diagonal soft scalar
masses as M2

q̃i
¼ ðM2

q̃Þii, M2
l̃i
¼ ðM2

l̃
Þii, M2

ũi
¼ ðM2

ũÞii,
M2

d̃i
¼ ðM2

d̃
Þii, andM2

ẽi
¼ ðM2

ẽÞii. For the trilinear couplings,
A parameters defined by ðTuÞ33 ¼ Aτyt, ðTdÞ33 ¼ Aτyb, and
ðTeÞ33 ¼ Aτyτ are used.
In the MSSM, the mass of the SM-like Higgs boson is

expressed with some SUSY breaking parameters. In our
analysis, we take tan β ≔ hH2i=hH1i ¼ 30 and we fix the
stopmass parameters asMq̃3 ¼ 7 TeV,Mt̃ ≔ Mũ3 ¼ 7 TeV
and At ¼ 10 TeV, then the measured SM-like Higgs boson
mass mh ≃ 125 GeV can easily reproduced [27,28]. The
other SUSY particles are relevant to neither the mass of the
SM-like Higgs boson nor the DM relic density. We may
assume that those aremuch heavier than stop so that those are
decoupled from low energy observables. We here take
masses of the other sfermions as 100 TeV and the Wino
and gluino masses to be 10 TeV. In this article, we focus on
the binolikeDMwith theHiggs funnel scenario,where heavy
Higgs bosonmass is close to twice themass of theDMso that
the binolike neutralino rapidly annihilate through the heavy
Higgs bosons resonance and has left with the appropriate
cosmic abundance for DM. Since masses of heavier neutral
Higgs bosons, mH and mA, are close to the charged Higgs
boson mass mH� in the MSSM, we fix mH� to be twice of
bino mass parameter M1 to realize resonant annihilation by
the heavy Higgs bosons. In addition, the χ̃-χ̃-Higgs boson
coupling depends on non-vanishing Higgsino component in
the neutralino. Thus, both the bino mass jM1j and the
Higgsino mass jμj should be of the order of TeV. We leave
M1 as a free parameter and solve jμj from the measured
dark matter energy density. We summarize the parameter set
in our analysis as follows:

jM2j ¼ jM3j ¼ 10 TeV; ð2:3Þ
2For a study of CP violation in stau coannihilation scenario,

see, e.g., Ref. [25].
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Mq̃1;2 ¼ Mũ1;2 ¼ Md̃1;2;3
¼ Ml̃1;2;3

¼ Mẽ1;2;3 ¼ 100 TeV;

ð2:4Þ

Mq̃3 ¼ Mt̃ ¼ 7 TeV; ð2:5Þ

At ¼ 10 TeV; ð2:6Þ

mH� ¼ 2M1; ð2:7Þ

tan β ¼ 30: ð2:8Þ

The other A-terms are zero. With the above parameter set,
besides the Cabibbo-Kobayashi-Maskawa (CKM) phase and
the CP phases in the sfermion mass matrices, five param-
eters, μ, gaugino masses Mi and At, may have CP phases
ðϕμ;ϕM1

;ϕM2
;ϕM3

;ϕAt
Þ, respectively. Here, each phases of

a quantity X are defined by X ¼ jXjeiϕX.
There is a rephasing degree of freedom in the MSSM.

Thus, all the physical quantities are described by the
following combinations,

argðMiM�
jÞ; argðMiA�

t Þ; argðμMiÞ;
argðμAtÞ; ði; j ¼ 1; 2; 3Þ: ð2:9Þ

Without loss of generality,we can take the basis ofCP phases
as ϕM3

¼ 0. In addition, we take ϕAt
¼ 0 to concentrate on

the CP violation in the neutralino sector as well as,
technically speaking, to keepmh ≃ 125 GeV avoiding com-
plicated parameter dependence of the SM-like Higgs boson
mass. In general, the nonzero value of ϕAt

significantly
contributes to the predictions of the EDMs. However, in our
parameter set given in Eqs. (2.3)–(2.8), we find the con-
tribution from ϕAt

is negligible because the mass splitting
between two stops is small. Therefore, we here set ϕAt

¼ 0,
and we scan the following four parameters,

ðjM1j;ϕμ;ϕM1
;ϕM2

Þ: ð2:10Þ

III. OBSERVABLES

As we mentioned in the previous section, we choose jμj
to achieve the correct DM relic density as ΩDMh2 ¼
0.1198� 0.0015 [44]. We use micrOMEGAs 4.3.5 [45] with
CPsuperH2.3 [46] in calculations of dark matter thermal relic
density and the Higgs mass. In our benchmark point, the
Higgs mass is almost fixed to be 125 GeV. There is small
fluctuation of order of 0.1 GeV by scattering the param-
eters. On the other hand, the calculation of the Higgs mass
has theoretical uncertainty of order of a few GeV. So we
consider that our benchmark points are consistent with
measurements of the Higgs mass at the LHC.
With the correct DM relic abundance and the correct

Higgs mass, we calculate the electron EDM, the neutron

EDM, and the mercury EDM. The electron and mercury
EDMs give strong constraints on the parameter space as we
will see later. We also discuss the scattering cross section
for the direct detection experiments.

A. EDM

The EDMs of fermions (df), the EDM of electron (de),
the chromo EDM (cEDM) of quarks (dCq ), and the Wilson
coefficient of the Weinberg operator (ω) are defined by

L ⊃ −df
i
2
f̄σμνγ5fFμν − gsdCq

i
2
q̄σμνγ5qGμν

− ω
1

6
fabcGa

μνGbν
ρGc

αβϵ
ρμαβ; ð3:1Þ

where the convention of the epsilon tensor is ϵ0123 ¼ þ1.
We calculate du, dd, de, dCu , and dCd by using CPsuperH2.3

[46] implemented in micrOMEGAs 4.3.5 [45]. We use the
formulae given in Ref. [47] and couplings calculated by
CPsuperH2.3 to evaluate ω.3 These EDMs and the Wilson
coefficient are evaluated at the electroweak scale μW ¼ mt.
The neutron EDM and the mercury EDM have to be
evaluated at the hadronic scale (μH ≃ 1 GeV). The renorm-
alization group evolution from the electroweak scale to the
hadronic scale is taken into account [48]. At the leading
order of QCD, we find4

du
e
ðμHÞ ¼ 0.35

du
e
ðμWÞ − 0.17gsðμWÞdCu ðμWÞ

− ð9.24874 × 10−5 GeVÞωðμWÞ; ð3:2Þ

dCu ðμHÞ ¼ 0.34gsðμWÞdCu ðμWÞ þ ð0.00031 GeVÞωðμWÞ;
ð3:3Þ

ded
e
ðμHÞ ¼ 0.40

du
e
ðμWÞ þ 0.098gsðμWÞdCd ðμWÞ

þ ð0.00010 GeVÞωðμWÞ; ð3:4Þ

dCd ðμHÞ ¼ 0.38gsðμWÞdCd ðμWÞ þ ð0.00070 GeVÞωðμWÞ;
ð3:5Þ

ωðμHÞ ¼ 0.39ωðμWÞ: ð3:6Þ

Here the unit of the EDMs and of the cEDMs are GeV−1,
and the unit of ω is GeV−2. In the evaluation, we used the
following values,

3
CPsuperH2.3 also calculate the Wilson coefficient of the

Weinberg operator, but it returns very unstable numbers during
the scanning the parameter space because of the loss of
significant digits.

4The definition of the cEDM in the CPsuperH2.3 is different
from ours, dCq jCPSUPERH2.3 ¼ gsdCq .
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gsðμWÞ ¼ 1.1666; gsðμHÞ ¼ 2.13309; ð3:7Þ

muðμWÞ¼ 0.003GeV; muðμHÞ¼ 0.0024GeV; ð3:8Þ

mdðμWÞ¼ 0.006GeV; mdðμHÞ¼ 0.0054GeV: ð3:9Þ

We estimate the neutron EDM and the Mercury EDM as5

dn ¼ 0.79dd − 0.20du þ eð0.30dCu þ 0.59dCd Þ
� ð10–30Þ MeVω; ð3:10Þ

dHg

e
¼ 7 × 10−3 × ðdCu − dCd Þ − 10−2

de
e
: ð3:11Þ

Here, we used the results given in Refs. [51,52] for dn and
the results given in Refs. [35,36,53] for dHg. We found the
contribution from the Weinberg operator is much smaller
than the contributions from cEDMs. Thus, we ignore the
contribution from the Weinberg operator in the following
analysis.
Upper bounds on the electron EDM [54], the mercury

EDM [55], and the neutron EDM [56] are

jdej < 8.7 × 10−29 e · cm ð90% C:L:Þ; ð3:12Þ

jdHgj < 7.4 × 10−30e · cm ð95% C:L:Þ; ð3:13Þ

jdnj < 2.9 × 10−26e · cm ð90% C:L:Þ: ð3:14Þ

We note that the constraint from the thallium EDM [57] is
in practice equivalent with that to the electron EDM
[58–61]. Prospects for the electron and neutron EDMs are

jdej ¼ 1 × 10−30 e · cm ½62; 63�; ð3:15Þ

jdnj ¼ 2.5 × 10−29 e · cm ½64�: ð3:16Þ

Let us consider the parameter dependence of the electron
EDM in the MSSM. The quark EDM has the similar
dependence to the electron EDM. In our setup, the EDMs
are generated by the diagrams shown in Figs. 1 and 2. First,
we see the one-loop contributions, where SUSY contribu-
tions are given by slepton-electroweakino loop diagrams.
The relevant diagrams which give leading order contribu-
tions are shown in Fig. 1. The contribution from each
diagram depends on the SUSY parameter as follows:

dðN1Þe ∝ ImðM2
eLRM1Þ; dðN2Þe ∝ ImðμM1Þ;

dðN3Þe ∝ ImðμM1Þ; dðN4Þe ∝ ImðμM2Þ;
dðCÞe ∝ ImðμM2Þ; ð3:17Þ

with

FIG. 1. Diagrams for leading-order contributions to the electron EDM at the one-loop level.

5Some theoretical uncertainty in the EDM calculations are
known. The neutron EDM calculation has uncertainty of factor
two [49], and the mercury EDM calculation has 20–30%
uncertainty [50].
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M2
eLR ¼ A�

eme − μme tan β: ð3:18Þ

At the two-loop level, Barr-Zee diagrams shown in Fig. 2
give significant contributions. We can see that (WW)
diagram is strongly suppressed compared to the other
diagrams because it has not only a chirality suppression
by the electron mass but also a suppression by double mass
insertion in the loop. Contribution from each diagram
depends on the SUSY parameter as follows:

dðH1Þe ∝ ImðμM2Þ; dðH2Þe ∝ ImðM2�
fLRμÞ;

dðH3Þe ∝ ImðM2�
fLRμÞ; dðZHÞe ∝ ImðμM2Þ;

dðWH1Þ
e ∝ ImðμM2Þ; dðWH2Þ

e ∝ ImðμM2Þ;
dðWWÞ
e ∝ ImðμM2Þ; ð3:19Þ

with

M2
fLR ¼

�A�
t mt −mtμ cot β f ¼ t;

A�
fmf −mfμ tan β f ¼ b; τ:

ð3:20Þ

In our benchmark case, the one-loop contributions are
strongly suppressed by large selectron and sneutrinomasses,

and the two-loop Barr-Zee diagrams provide dominant
contributions unless Wino, stop, and sbottom masses are
heavy enough to be decoupled. In the diagrams (H2) and
(H3), the stop and sbottom loops dominate the contribution,
because the color factor enhances it and the Yukawa
couplings are larger than the other sfermions. Therefore,
in general, theCP phase ofAt gives a significant contribution
to the EDMs through these two diagrams. However the
contribution of ϕAt

is highly suppressed in our benchmark
case, because the contributions of the stop loop to the EDMs
is proportional to the t̃L − t̃R mixing, θt̃, and thus

djstop ∝ sin θt̃ cos θt̃ðfðmt̃1Þ − fðmt̃2ÞÞ; ð3:21Þ

where f is a loop function depending on the stop mass in
the loop. Thanks to the relative sign of the mixing angle, the
contributions from t̃1 and t̃2 are destructive. As a result, the
EDMs are insensitive toϕAt

for the degenerated stopsmasses
regime. For example, the contribution to electric dipole
moment de=e is of the order of 10−30 cm for ϕAt

¼ 30°,
ϕμ ¼ ϕM1

¼ ϕM2
¼ 0, and jM1j ¼ 1 TeV. It is one order of

magnitude below the present experimental bound, but it is
within the reach of future experiment. In the diagrams (H1),
(ZH), (WH1), and (WH2), the leading order contributions

FIG. 2. Diagrams for leading-order contributions to the electron EDM at the two-loop level. In (H2) and (H3), stop and sbottom
contributions are larger than the other sfermion contributions.
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are given by the wino and the Higgsino loops so that these
diagrams are decoupled when the wino mass M2 becomes
larger.
We discuss the ϕμ and ϕM2

dependence of the EDMs.
The left panels in Fig. 3 shows the electron EDM, the
mercury EDM, and the neutron EDM with ϕM1

¼ 0. The
shaded regions are already excluded by the current upper

bound on the EDMs. We find the combination of the
electron EDM and the mercury EDM exclude the large
region of the parameter space. Both ϕμ and ϕM2

cannot be
large. We also find that the electron EDM strongly
depends on ϕM2

. On the other hand, ϕM2
dependence

of the mercury EDM and the neutron EDM are milder. We
focus on M1 dependence by comparing the left panels and

FIG. 3. The EDMs for tan β ¼ 30 and ϕM1
¼ 0°. The left (right) panels are for M1 ¼ 1 TeV (M1 ¼ 2 TeV). The contours in

the top, the center, and the bottom panels are those of the electron EDM, the mercury EDM, and the neutron EDM, respectively. The
dashed lines show the negative values. The red and blue shaded regions are excluded by the electron EDM and the mercury EDM,
respectively.
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TABLE I. The mass spectrum of the SUSY particles and extra Higgs bosons in our scenario.

Cases mχ̃0
1

mH� ≃mH;A mχ̃0
2;3
≃mχ̃�

1
mχ̃0

4
≃mχ̃�

2
≃mg̃ mt̃1;2 ≃mb̃1

Other sfermions

M1 ¼ 1 TeV ∼1 TeV ∼2 TeV 1.6–1.7 TeV ∼10 TeV ∼7 TeV ∼100 TeV
M1 ¼ 2 TeV ∼2 TeV ∼4 TeV ∼2.3 TeV ∼10 TeV ∼7 TeV ∼100 TeV

FIG. 4. The EDMs forM1 ¼ 1 TeV and tan β ¼ 30. In the left (right) panels, ϕM2
¼ 0° (30°). The shadings and contours are the same

as in Fig. 3.
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the right panels in Fig. 3 where M1 ¼ 1 TeV and 2 TeV,
respectively. We find that larger M1 weaken the constraint
from EDM experiments because M1 is approximately
the mass of the dark matter candidate here and heavy
Higgs bosons and Higgsinos become heavier if we take
larger M1. Actually, the Higgsino mass jμj is determined
to be in 1.6–1.7 TeV in order to reproduce the correct

relic density of the dark matter, ΩDMh2 ¼ 0.1198�
0.0015 for M1 ¼ 1 TeV. For larger M1 such as
M1 ¼ 2 TeV, the Higgsino mass becomes larger as
jμj ∼ 2.3 TeV. In Table I, we show the mass spectrum
of SUSY particles and the extra Higgs bosons in our
benchmark points for the cases of M1 ¼ 1 TeV
and M1 ¼ 2 TeV.

FIG. 5. The EDMs forM1 ¼ 2 TeV, tan β ¼ 30, and ϕM2
¼ 0° In the left (right) panels,M2 ¼ 100 TeV (200 TeV). The shadings and

contours are the same as in Fig. 3. Notice that no red colored region in this parameter space.
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FIG. 6. Contributions to the electron EDM from each diagram. The solid green and blue curved lines are the contributions from the
one-loop diagrams with chargino and neutralino, respectively. The dashed orange, dashed black, and dashed blue curved lines are the
contributions from the Barr-Zee diagrams with H-γ-γ, W�-H∓-γ, and Wþ-W−-γ effective vertices, respectively, where H denotes three
neutral Higgs bosons.
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The ϕM1
dependence can be seen in Fig. 4. After taking

into account the constraint from the mercury EDM, we find
that the mercury EDM and the neutron EDM are almost

independent of ϕM1
. On the other hand, the electron EDM

has mild but visible dependence on ϕM1
. Thus the electron

EDM is important for determining ϕM1
.
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Most of the parameter space in Figs. 3 and 4 are within
the future prospects of the electron EDM and the neutron
EDM shown in Eqs. (3.15) and (3.16). The neutron and the
mercury EDMs are sensitive to ϕμ, and also weakly depend
on ϕM2

. On the other hand, the electron EDM is sensitive to
ϕM2

þ ϕμ, and weakly depend on ϕM1
. The correlation

among the EDMs in future experiments provide a strong
clue to explore the CP violation in the SUSY breaking
sector. In our scenario, we can determine the imaginary part
of SUSY breaking parameters such as ImðM2Þ. If the
absolute values of those parameters are determined by the
direct measurement of SUSY particle masses, we can
determine the CP phases.

We next discuss the decoupling property for larger M2.
Figure 5 shows the EDMs forM2 ¼ 100 TeV and 200 TeV.
Comparing with the right panels in Fig. 3, we find that
larger M2 drastically reduce the values of the EDMs. In
particular, the electron EDM is sensitive to the M2 choice
but the mercury EDM is not. This property can be under-
stood as follows. The dominant contribution to the electron
EDM is the H0

i -γ-γ Barr-Zee diagram, where Wino loop
gives the main contribution. On the other hand, the
dominant contribution to the mercury EDM which origi-
nates from the quark EDMs is H0

i -g-g Barr-Zee diagram,
and the diagram is independent of wino contribution. In
Figs. 6 and 7, we show how each contribution to the

FIG. 8. The DM-nucleon scattering cross sections for tan β ¼ 30 and ϕM1
¼ 0°. The left (right) panel is for jM1j ¼ 1 TeV (2 TeV).

The shadings are the same as in Fig. 3.

FIG. 9. The DM-nucleon scattering cross sections for M1 ¼ 1 TeV and tan β ¼ 30. The left (right) panel is for jϕM2
j ¼ 0° (30°). The

shadings are the same as in Fig. 3.
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electron EDM and to the down quark cEDM is decoupled
for a larger value of M2.

B. DM-nucleon scattering cross section

Since we are working in the Higgs funnel scenario, the
DM candidate couples to neutral scalar bosons. The DM
candidate and nucleon interact with each other through
these couplings. The couplings are rather small because of
the funnel scenario. However, the couplings lead to a
significant size of the spin-independent cross section which
is within future prospects of the DM direct detection
experiments.
There is also a Z-exchange diagram that generates spin-

dependent cross section. This coupling depends on the
mixing between bino-Higgsino and bino-wino in the bino-
like DM scenario. The mixings are suppressed by the soft
breaking neutralino mass parameters. We find that this
coupling is so small that the resultant spin-dependent cross
section σSD ¼ Oð10−8Þ pb is smaller than the prospect
[65]. In the following, we focus on the spin-independent
cross section.
Figure 8 shows the ϕM2

and ϕμ dependence of σSI
where its parameter choice is the same as in Fig. 3.
Figure 9 shows the ϕM1

and ϕμ dependence of σSI with
the same parameter choice as in Fig. 4. We find that the
spin-independent cross section is smaller than the current
upper bound [15,16,18] in all the region of the parameter
space but within the prospects of the DARWIN [65], the
DarkSide-20k [66], and the LZ [67]. We also find that
the scattering cross section depends on ϕM1

þ ϕμ, and the
ϕM2

dependence is not important. Since jM2j is much
larger than jM1j and jμj in our analysis, the sector related
to dark matter physics is approximately the bino-
Higgsino system, and thus the scattering cross section
weakly depends on ϕM2

. In the bino-Higgsino system,
there is only one physical CP phase. This is the reason
why the scattering cross section depends on one combi-
nation of the CP phases, ϕM1

þ ϕμ.
In Table II, the future prospects of the spin-independent

cross section measurements are shown. One finds that all
the parameter regions in Figs. 8 and 9 are within the
sensitivity of these experiments.

IV. SUMMARY

In this paper, we have estimated EDMs of the electron,
the neutron, and the mercury as well as the DM-nucleon

scattering cross section and shown the present constraints
and prospects in the binolike neutralino DM with the heavy
Higgs funnel scenario in the CP-violating MSSM. In our
analysis, we have fixed soft SUSY breaking parameters of
stops to be Oð10Þ TeV and tan β ¼ 30 to reproduce the
measured SM-like Higgs boson mass and other sfermion
masses to be 100 TeV in order to be decoupled from low
energy observables.
With such SUSY particle mass spectrum, we have shown

that CP violating phases of Oð10Þ° in the gaugino and
Higgsino mass parameters are currently allowed. Future
experiments will be able to constrain those phases at Oð1Þ°
level if the results are null. We also pointed out that those
EDMs have different phase dependence. For instance, the
electron EDM mostly depends on one combination
ϕM2

þ ϕμ, while the neutron and mercury EDMs do on
mostly ϕμ and weakly ϕM2

. Once a few non-vanishing
EDMs will be measured, it is possible to estimate individ-
ual CP phases. Let us comment on the CP phase of At. In
our benchmark points with the similar size of soft stop
masses and the trilinear parameter, two stop masses are
relatively close so that the contribution of ϕAt

is suppressed
enough for satisfying the current experimental bound. It
should be noticed that even such a suppressed contribution
can be tested at the future experiments. In the case of a large
stop mass spliting, which is often accepted in the literature
to realize the Higgs boson mass with lighter light stop mass
than that we considered here, the contribution can be more
significant. In such a case, we will need another observ-
ables to determine the individual CP phases.
We also have calculated the dependence of spin-inde-

pendent cross section of the DM in our scenario. In fact, the
nonvanishing CP violation effects change the cross section
just by a factor. The predicted scattering cross section with
a nucleon is within the sensitivity of future experiments.
Let us consider the future prospect of our scenario. We

may expect a positive signal in the direct detection of the
DM, which provides us an information of the DM mass. In
our scenario, the extra Higgs bosons should be twice as
heavy as the DM, so that the heavy Higgs search at LHC
can test the scenario. If the DMmass, cross section, and the
heavy Higgs masses are consistent with our scenario, we
can explore the detail of SUSY breaking sector by EDM
experiments even if the SUSY particles besides the DM are
too heavy to be directly discovered at the future collider
experiments.
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TABLE II. Prospects of sensitivity of the spin-independent
cross section measurements in future experiments.

mDM LZ DARWIN DarkSide20k

1000 GeV 1.9 × 10−11 pb 3.0 × 10−12 pb 1.2 × 10−11 pb
2000 GeV 3.7 × 10−11 pb 5.3 × 10−12 pb 2.3 × 10−11 pb
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