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Physics�beyond�the�SM
The�Higgs�boson�was�discovered�(2012)�

&�
�Its�properties�are�consistent�with�a�SM�Higgs�boson

The�SM�seems�to�be�established
However,�it’s�not�the�end�of�the�story

We�still�require�the�NP�beyond�the�SM
Baryon�asymmetry�of�the�Universe?�
What’s�the�Dark�Matter?�
Origin�of�tiny�neutrino�mass?�
Charge�quantisation?�����Unified�theory�?�(Hierarchy�problem)�
Some�excess�might�be�found�(muon�g-2,� )�



Defeats�of�extended�Higgs�models

No�significant�contribution�to�FCNC�

Rho�parameter�is�very�close�to�one

Two�strong�constraints�on�BSM�models

no�new�flavour�mixing

custodial�symmetric

Extended�Higgs�sector either�conditions�is�broken�

Singlet�extension�is�safe

e.g.��
doublet�extension�leads�to�new�flavour�mixing�

triplet�extension�leads�to�the�breaking�of�custodial�sym.
Softly�broken�Z2�rescues�it

ρ =
m2

W

m2
Z cos2 θW

≃ 1



SUSY

Gauge�coupling�unification�is�realised�

Quadratic�divergence�is�cancelled�

Spin-0�fields�are�naturally�introduced�

Well-defined�UV�picture�of�type-II�2HDM�

LSP�can�be�a�DM�with�R-parity

No�signal�has�been�discovered�at�LHC�

SUSY�may�not�be�a�solution�to�the�“naturalness�problem”

But�it�may�still�be�an�attractive�candidate�of�BSM



SUSY�from�flavour�point�of�view

Supersymmetric�sector�is�very�beautiful
W = yuUcH2 ⋅ Q + ydDcH1 ⋅ Q + yℓEcH1 ⋅ L + μH1 ⋅ H2

It�naturally�leads�to�type-II�2HDM
dangerous�FCNC�is�suppressed

SUSY�breaking�sector�is�not�good
So�many�sources�of�flavour�mixings�and�CP
If�SUSY�breaking�masses�are�heavy�enough,�
they�don’t�cause�problems.

Consistent�with�SUSY�search�and�Higgs�mass�(125�GeV)

It�is�good�to�consider�MSSM�with�rather�large�SUSY�mass



High�scale�SUSY?
Let’s�consider�the�case�with�large�SUSY�breaking�
mass�

If�everything�are�heavy,�the�model�does�not�solve�any�
problem�in�the�SM�

Some�SUSY�particles�may�be�light�as�~1TeV�

For�DM,�which�should�be�light?�

In�such�a�case,�how�to�probe�the�model?



Neutralino�DM�scenarios�in�MSSM

Neutralinos�annihilate�significantly�through�SU(2)�gauge�
interaction�

e.g.�Higgsino-like�DM�with��

Annihilation�cross�section�of�Bino-like�neutralino�is�
enhanced�with�a�particular�mass�spectrum�of�other�
associated�particles�

Higgs�resonance�(funnel),�coannihilation,�

Neutralino�DM�in�MSSM�is�thermally�produced�too�much

significant�enhancement�of�annihilation�is�necessary

mχ ∼ 1 TeV
N.�Nagata&S.�Shirai,�arXiv:1410.4549



Funnel�scenario
We�focus�on�the�scenario
χχ → H0, A0 → f̄f DM�annihilation�is�enhanced

Observed�relic�abundance�can�be�explained

2mDM ≃ mH,A

We�analyse�this�scenario�in�MSSM�with�CP�phases

electric�dipole�moments�are�useful

Some�parameters�are�fixed�such�as�heavy�Higgs�mass

In�this�scenario,�Bino�mass�is�less�than�a�few�TeV



CP�violation�in�MSSM
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Soft�SUSY�breaking�terms:

Some�phases�can�be�rotated�out

All�the�physical�quantities�are�described�by
arg(MiM*j ) , arg (Mi(Tu,d,e)*kℓ) , arg(μMi) , arg (μ(Tu,d,e)*kℓ)

When�flavour�mixings�are�neglected,�
(Tu)33 = Atyt , (Td)33 = Abyb , (Te)33 = Aτyτ are�sometimes�used

★



Higgs�mass�in�MSSM
SM-like�Higgs�mass�is�predicted�in�MSSM

At�the�tree�level: m2
h = m2

Z cos2 2β

Significant�1-loop�contributions�are�required�

mh = 125 GeV

m2
h = m2

Z cos2 2β +
3

2π2

m4
t

v2 [log
M2

m2
t

+
X2

t

M2
−

X4
t

12M4 ]
M = mt̃1

mt̃2
Xt = At − μ cot β

Large�stop�mass�is�necessary! mt̃ ∼ 10 TeV



Our�parameter�choice

mH± = 2M1
Mq̃3

= Mt̃ = 7 TeV
At = 10 TeV, ϕAt

= 0
tan β = 30
|M2 | = |M3 | = 10TeV
Mq̃1,2

= Mũ1,2
= Md̃1,2,3

= Mℓ̃1,2
= Mẽ1,2,3

= 100 TeV

We�neglect�flavour�mixings�in�the�sfermion�sector
M1�(~DM�mass)�is�taken�as�a�free�parameter�

Other�A�terms�are�set�to�be�zero

} SM-like�Higgs�mass mh = 125 GeV

DM�relic�abundance(tuned�also�by�������)|μ |

For�CP�phases,�we�take� (ϕM1
, ϕM2

, ϕμ)
ϕM3

= 0By�rephasing,�we�can�set
as�free�parameters



Observables
Relic�abundance�of�DM�

SM-like�Higgs�mass�

EDMs�—�electron,�neutron,�Hg�

Spin-independent�cross�section

mh = 125 GeV

} Prediction

Ωh2 = 0.12



Electric�Dipole�Moments�
Relevant�terms�in�the�effective�Lagrangian:

EDM’s�of�electron,�mercury,�and�neutron�are�estimated�as

de = de

dn = 0.79dd − 0.20du + e(0.30dC
u + 0.59dC

d ) ± (10 − 30) MeVw

dHg = 7 × 10−3 × e(dC
u − dC

d ) − 10−2de

Dependence�on�electron/quark/chromo�EDMs�is�different�
between�these�observables

L � �df
i

2
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EDM�in�MSSM�—�1�loop
One�loop�contributions

with

M
2
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=

8
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A
⇤
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A
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f
mf �mfµ tan� f = b, ⌧ .
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Figure 1: Diagrams for leading-order contributions to the electron EDM at the one-loop level.

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

and sneutrino masses, 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. In the diagrams (H1), (ZH), (WH1)

and (WH2), the leading order contributions 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 �µ and �M2 dependence of the EDMs. The left panels in Fig. 3 shows the

electron EDM, the mercury EDM, and the neutron EDM with �M1 = 0. The shaded regions

are already excluded by the current upper bound on the EDMs. We find the combination of the
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M2
fLR = {

A*f mf − μmf cot β f = t
A*f mf − μmf tan β f = b, τ

They�are�quickly�decoupled�when�sfermions�are�heavy
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EDM�in�MSSM�—�2�loop
When�relevant�sfermions�are�heavy,�two�loop�is�dominant
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Figure 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.

electron EDM and the mercury EDM exclude the large region of the parameter space. Both �µ

and �M2 cannot be large. We also find that the electron EDM strongly depends on �M2 . On the

other hand, �M2 dependence of the mercury EDM and the neutron EDM are milder. We focus on

M1 dependence by comparing the left panels and the right panels in Fig. 3 where M1 = 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.

The �M1 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
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Wino,�stop,�sbottom�
are�heavy�

decoupled!
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other hand, �M2 dependence of the mercury EDM and the neutron EDM are milder. We focus on

M1 dependence by comparing the left panels and the right panels in Fig. 3 where M1 = 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
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Numerical�results
M1 = 1 TeV, ϕM1

= 0, M2 = 10 TeV

ϕM2

ϕμ ϕμ ϕμ

electron mercury neutron

|de | < 8.7 × 10−29e ⋅ cm |dHg | < 7.4 × 10−30e ⋅ cm |dn | < 2.9 × 10−26e ⋅ cm

1 × 10−30e ⋅ cm 2.5 × 10−29e ⋅ cm



Numerical�results
M1 = 2 TeV, ϕM1

= 0, M2 = 10 TeV

ϕM2

ϕμ ϕμ ϕμ

electron mercury neutron

When�M1�(DM�mass)�becomes�larger,��
contributions�are�smaller.�
But�still�significant.



Numerical�results
M1 = 2 TeV, ϕM2

= 0, M2 = 10 TeV

ϕμ ϕμ ϕμ

electron mercury neutron

|de | < 8.7 × 10−29e ⋅ cm |dHg | < 7.4 × 10−30e ⋅ cm |dn | < 2.9 × 10−26e ⋅ cm

1 × 10−30e ⋅ cm 2.5 × 10−29e ⋅ cm

ϕM1



Numerical�results
M1 = 2 TeV, ϕM2

= 30∘, M2 = 10 TeV

ϕμ ϕμ ϕμ

electron mercury neutron

ϕM1

Dependence�on���������is�rather�weakϕM1



Numerical�results
M1 = 2 TeV, ϕM1

= 0∘, M2 = 100 TeV

ϕμ ϕμ ϕμ

electron mercury neutron

|de | < 8.7 × 10−29e ⋅ cm |dHg | < 7.4 × 10−30e ⋅ cm |dn | < 2.9 × 10−26e ⋅ cm

1 × 10−30e ⋅ cm 2.5 × 10−29e ⋅ cm

ϕM2
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Spin-Independent�cross�section
DM-nucleon�scattering�cross�section

relevant�to�direct�detection�of�DM
16 27. Dark matter

Figure 27.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Table 26.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized
WIMP mass of each experiment. Also included are some new significant results (using
Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].
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Sensitivity�will�go�down�two�orders�of�magnitude�in�future�



Spin-Independent�cross�section

The�cross�section�has�weak�dependence�on�phases

Smaller�than�the�current�limit,�but�within�the�prospects�of�
DARWIN,�DarkSide-20k,�and�LZ
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Summary

We�consider�Bino-like�DM�scenario�in�CPV�MSSM�

EDM�experiments�are�powerful�tools�to�explore�this�
scenario�

SI�cross�section�weakly�depends�on�CP�phases�

Below�current�experimental�limit,�but�larger�than�
the�future�prospects�of�experiments.


