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Physics beyond the SM

The Higgs boson was discovered (2012)
&
Its properties are consist?nt 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

Two strong constraints on BSM models

w No significant contribution to FCNC
no new flavour mixing

< Rho parameter is very close to one

miy ~ 1 custodial symmetric
m5 cos? Oy
Extended Higgs sector — either conditions is broken
e.g.
~ doublet extension leads to new flavour mixing

Softly broken Z; rescues it
- triplet extension leads to the breaking of custodial sym.

p =

Singlet extension is safe



SUSY

No sighal has been discovered at LHC

l

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

But it may still be an attractive candidate of BSM

W Gauge coupling unification is realised
w Quadratic divergence is cancelled

< Spin-0 fields are naturally introduced
w Well-defined UV picture of type-Il 2HDM

W LSP can be a DM with R-parity



SUSY from flavour point of view

It is good to consider MSSM with rather large SUSY mass
Supersymmetric sector is very beautiful
W=y UH, Q+y,DH -Q+yEH -L+puH, -H,

It naturally leads to type-Il 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.

T

Consistent with SUSY search and Higgs mass (125 GeV)



High scale SUSY?

w Let’s consider the case with large SUSY breaking
mass

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

W Some SUSY particles may be light as ~1TeV
w For DM, which should be light?

w Insuch a case, how to probe the model?



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

significant enhancement of annihilation is necessary

< Neutralinos annihilate significantly through SU(2) gauge
Interaction

w e.g. Higgsino-like DM with m, ~ 1 TeV

N. Nagata&sS. Shirai, arXiv:1410.4549
< Annihilation cross section of Bino-like neutralino is
enhanced with a particular mass spectrum of other
associated particles

w Higgs resonance (funnel), coannihilation, ...



Funnel scenario

We focus on the scenario

w— HY,AY > ff > DM annihilation is enhanced
2mMppn = My A \l'

Observed relic abundance can be explained

In this scenario, Bino mass is less than a few TeV
Some parameters are fixed such as heavy Higgs mass
We analyse this scenario in MSSM with CP phases

|

electric dipole moments are useful



CP violation in MSSM

Soft SUSY breaking terms:

My ~~ M
Loii = — 7133 _ 72WO‘WO‘ _ —GAGA

* * ~% 2 ~ % 2 7
_mHleHf"‘mHgHzaHg _qiLa(M )mq?L l; (MZ)iJK?L

1r,.a
— ﬂiR(Mg)ij’&»;R — diR(Mg)z‘jd;R — &;r(MZ); e iR
— €ab {(T )i H Eip + (Ta) i HEGC djg + (To) s HSGC G p + m2HEHS + h.c.

Some phases can be rotated out
All the physical quantities are described by

arg(MlM]?k) , arg (M( ud,e kf) ,arguMy) , - arg (’u( s kf)

% When flavour mixings are neglected,

(T3 =Ay,, TPz =4y, (T)3 =AY, are sometimes used



Higgs mass in MSSM

SM-like Higgs mass is predicted in MSSM
At the tree level: m; = mZcos*2 «—— m;, = 125 GeV

Significant 1-loop contributions are required
3 m M* x> X

log — + — —
22 v |8 mz M?* 12M*

M=, /mim; X =A,—pcotp

2 _ 22
m; = m;Ccos”2p) +

Large stop mass is necessary! m: ~ 10 TeV



Our parameter choice

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

My = 2M,  + DM relic abundance(tuned also by |x|)
M, = M;="TTeV
A,=10 TeV, ¢, =0
tan f = 30

|M,| = |My| = 10TeV
M, =M, =M; =M; =M, =100TeV

di. o~ “dips T T

Other A terms are set to be zero
For CP phases, we take (¢y,, ¢y, 4,) as free parameters
By rephasing, we can set ¢, =0

} SM-like Higgs mass my, = 125 GeV



Observables

w Relicabundance of DM QAh% =0.12
W SM-like Higgs mass my, = 125 GeV
< EDMs — electron, neutron, Hg

o . Prediction
W Spin-independent cross section



Electric Dipole Moments

Relevant terms in the effective Lagrangian:

LD —df%fa“”%fFW — gsdg%’ggw%qgw _ %fachZ,,Gb”pGggép“aB
EDM’s of electron, mercury, and neutron are estimated as
de — de
dy, =7 % 107 X e(dy —dS) — 107%d,

d, = 0.79d, — 0.20d, + €(0.30dS + 0.59d%) = (10 — 30) MeVw

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



EDM in MSSM — 1 loop

One loop contributions

N1 T 2
B . . R n dy - o Im(M;; M)
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They are quickly decoupled when sfermions are heavy



EDM in MSSM — 1 loop

One loop contributions
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They are quickly decoupled when sfermions are heavy



EDM in MSSM — 2 loop

When relevant sfermions are heavy, two loop is dominant

dgﬂ o« Im(uM,)
dgﬂ X IIII(M]?;R/J)
ng X Im(M]?;R//t)
dgH « Im(uM,)
dpM o Im(uM,)
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m (WW) is suppressed are heavy
W+. ‘W+

-+~ compared to the others y
(WW) \ deCOUpled! )




EDM in MSSM — 2 loop

When relevant sfermions are heavy, two loop is dominant
di!  sin(¢p, + ¢y,

dH1 Sin p
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m (WW) is suppressed are heavy
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-+~ compared to the others y
(WW) \ deCOUpled! )




Numerical results

electron mercury neutron
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Numerical results
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When M1 (DM mass) becomes larger,

contributions are smaller.

But still significant.




Numerical results

electron mercury neutron
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Numerical results

Ml — 2 TGV, ¢M2 —_ 300, M2 — 10 TGV

electron mercury neutron
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Dependence on ¢, is rather weak



Numerical results
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Anatomy of d.

Which contribution is dominant?
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Anatomy of d.

Which contribution is dominant?
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dc/e [cm]

Anatomy of d.

Which contribution is dominant?
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Anatomy of d.
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dc/e [cm]
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Anatomy of d

Which contribution is dominant?
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Anatomy of d:C

Which contribution is dominant?
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Anatomy of d:C

Which contribution is dominant?
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Anatomy of d:C

Which contribution is dominant?

M,=2TeV, tanp=30, ¢, =90°, M,=200TeV
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Spin-Independent cross section

DM-nucleon scattering cross section

relevant to direct detection of DM
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Sensitivity will go down two orders of magnitude in future



Spin-Independent cross section
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Spin-lndependent Cross section
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Summary

v We consider Bino-like DM scenario in CPV MSSM

w EDM experiments are powerful tools to explore this
scenario

w Sl cross section weakly depends on CP phases

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



