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i Outlook
SM

Hierarchy problem.... Unstable vacuum... No dark matter candidate.... GUT....
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i Outlook
SM

Hierarchy problem.... Unstable vacuum... No dark matter candidate.... GUT....
Supersymmetry
NULL Result +
Higgs mass + FCNC/EDM constraint 1 Problem ©0

——

’ SUGRA effect, (Giudice, Masiero '88]
ngh-scale SUSY Singlet extension

What is DM?

Anomaly mediation

Our proposal

Singlino DM

Gaugino coannihilation DM lIshikawa, TK, Takimoto *14]
[Harigaya, Kaneta, Matsumoto "14]

> mllED—7

[Giudice, Luty, Murayama, Rattazzi 98]
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i1 Problem and singlet extension

@® After electroweak symmetry breaking takes place, u has to be
the order of the EW ~ SUSY breaking scale = . Problem [Kim, Nilles '84]

Whnssm = Mﬁuﬁd + thﬁufR — beﬁdi?R — yfﬁﬁcﬁ}z
AN

MauT - MPlanck

5 1, my tanzﬂ—m%_,d
< > U= —=My | u 5
2 1 —tan“ (3
~ Msusy
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i1 Problem and singlet extension

@® After electroweak symmetry breaking takes place, u has to be
the order of the EW ~ SUSY breaking scale = . Problem [Kim, Nilles '84]

Whnssm = Mﬁuﬁd + thAI:quR — beAI:Id[;R — yfﬁﬁcﬁ}z
AN

MauT - MPlanck

1 m2, tan’? /3 — m?
< > 0 = ——M% P 62 Ha
2 1 —tan“ (3
~ Mgsusy

® |If a gauge singlet field S has a vev which is order SUSY breaking
scale, an effective u term is generated and u problem is solved

W D )\Sﬁuﬁd
> e = A(S) ~ Msusy

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 2 [17
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8 The Next MSSM(NMSSM)

[Fayet '75]

® The Next MSSM (NMSSM) is one of the minimal models, which
have MSSM + gauge singlet superfield § = (S, S)

® The discrete Z3is imposed

A A A K A
WNMSSM — )\SHqu+§SB + WYukawa

® Domain wall problem vs Tadpole problem UV theorylc&dp D

@ If the singlino is DM candidate, SUSY breaking scale should be
low scale

® The General NMSSM (GNMSSM)

WGNMSSM — Agﬂuﬁd+f(‘§) + WYukawa
> EREDM—Y

ojDstudy Tl Zh
DREBIEZEZFTEA

Or b
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i The Nearly MSSM(nMSSM)

[Panagiotakopoulos, Pilaftsis '00]

® The Nearly (New) MSSM (nMSSM) is also one of the minimal
models, which have MSSM + gauge singlet superfield S = (S, 5’)

® The discrete R-symmetry Z5 (or Z7) is imposed. At the Planck
scale, the superpotential and kahler potential are given by

WnMSSM — Agﬁuﬁd + WYukavva
S?H.H,  S(H.H,)
5 T Hs 5
MP MP

Kinvssm = Knvssum + \SIQ—I-KJQ

+ higher term + h.c.
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i The Nearly MSSM(nMSSM)

[Panagiotakopoulos, Pilaftsis '00]

® The Nearly (New) MSSM (nMSSM) is also one of the minimal
models, which have MSSM + gauge singlet superfield S = (S, 5’)

® The discrete R-symmetry Z5 (or Z7) is imposed. At the Planck
scale, the superpotential and kahler potential are given by

WnMSSM — Agﬁuﬁd + WYukavva
S2H,H, S(H.H,)?

_ 512
Kunmssm = Kussm + |S]+k2 MI% + K5 M]53

+ higher term + h.c.

® |n the case of soft supersymmetry breaking terms ~ Msusy
induced by a hidden sector in supergravity, a tadpole term
(divergence) is induced via six-loop level

/€2/€5>\4 A 2 A
Whiaa ~ (167T2)6MPMSUSYS ~ O(Msysy)S

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 417
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i The Nearly MSSM(nMSSM)

[Panagiotakopoulos, Pilaftsis '00]

® In the nMSSM, once supersymmetry is broken, the

superpotential and SUSY breaking terms are given by
2

A A A M4e -
Wamssm = ASH, H g )\12 S 4+ Wyukawa

Viot = m3[S|? + (AANH, HyS+tsS + h.c.) + VAESM

S

where miy, ~ O(M3),ts ~ O(M32)
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superpotential and SUSY breaking terms are given by
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A A A M4e -
Wamssm = ASH, H g )\12 S 4+ Wyukawa

Viot = m3[S|? + (AANH, HyS+tsS + h.c.) + VAESM
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i The Nearly MSSM(nMSSM)

[Panagiotakopoulos, Pilaftsis '00]

® In the nMSSM, once supersymmetry is broken, the
superpotential and SUSY breaking terms are given by

2
A A A M4e -
Wamssm = ASH, H g )\12 S 4+ Wyukawa

Viot = m3[S|? + (AANH, HyS+tsS + h.c.) + VAESM

S

Whel’e 77)%2 ~J O(AISQ,‘)- tS ~ O(‘A[.‘g)

@® |n this scalar potential, S obtains vacuum expectation value

therefore [eff = )\<S> B (]WS)
u problem is solved

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo /17



§ Neutralino masses in the nMSSM

® In the nMSSM, tree-level singlino mass is obtained only via
mixing with Higgsino

- 0 —my sy o
ba?IS~ S My @ %5 0 No mass term
(B, WO, Hg, HS\ S) Mree = () — [loff — AUy
O —/\Ud
\ 0
2 ~ 70 =0 ~
(% . S HY H S
msz ~ )\2 S11 26 | ol
SUSY T T \

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 6/17



§ Neutralino masses in the nMSSM

® In the nMSSM, tree-level singlino mass is obtained only via
mixing with Higgsino

_ g1y g1
basis [ ]8 o2 2. 8
o 2 R TR No mass term
(B, ‘/VO, Hg, H,S, S) Mtree — () — [Loff _/\Uu
0 —/\’Ud

\ 0

2 S HO 70 S
m§ ~ )\2 ¢ Sin 25 | Y T Hd T
SUSY ' Y \

() (S) (Ha)

@® Since singlino mass has suppression of SUSY breaking scale,
singlino is always light and becomes LSP, and can be a DM
candidate

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 6/17
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i Problems of the nMSSM

® Typically, the singlino DM overclose the universe.....

'0 ¥ T ¥ T ¥ T v T ¥ ¥ T ¥ T ¥ T v mal > MZ
' without a_ ] resonant DM via Z boson,
| allowed region

Ma, < M,
resonant DM via al Higgs,

highly constraint region
by h->alal

without a, 1

ool % Inorder to obtain sizable singlino
mass and sizable coupling to Z
boson, SUSY breaking scale
should be low scale

The singlino DM is
. .1 Incompatible with
[Cao, Logan, Yang '09] e (cev) Tev SUSY?

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 7117
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One-loop
corrections




B Radiative singlino mass

® We consider one loop corrections to the singlino mass
which are not included in the literature. In the our paper, we
calculated the full one-loop corrections to the neutralino 5x5
mass matrix

tree mass

ms ~ \° sin 203
SUSY
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B Radiative singlino mass

® We consider one loop corrections to the singlino mass
which are not included in the literature. In the our paper, we
calculated the full one-loop corrections to the neutralino 5x5

mass matrix
tree mass
o 70 70
S H) H -

(V)

mgN)\Q

July 30, 2014, PPP2014, Kyoto

SUSY

sin 23

radiative mass

S
7 toft = A(S) ~ Msusy

n
7

\ 'l
Hy M _'H.,
~ o e~ -
mih+ AAKS)
B — T———

2
1-1 A .
mz P ~ Mgysy sin 23

’ (47)?
[Ishikawa, TK, Takimoto '14]
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B Radiative singlino mass

® We consider one loop corrections to the singlino mass
which are not included in the literature. In the our paper, we
calculated the full one-loop corrections to the neutralino 5x5

mass matrix radiative mass
S
T e = MS) ~ Msusy
tree mass :
- - - ~ i, H,
S HY H((-} S
T T T § S
S S
* + * ‘\ l,
| | | IId\\~ "'Hu
H H e
< “> <S> < d> mbh+ AAKS)
—
2 \? 3o
M ~ )\2 sin 26 47)2 MSUSY S111 25 )
SUSY (4m)
[Ishikawa, TK, Takimotg«#
July 30, 2014, PPP2014, Kyoto Teppei KITAHARA ~The Univ, of TR0 — I/17
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B Radiative singlino mass

® We find that the singino DM receives a significant radiative
corrections in the TeV scale SUSY model

2!

These radiative corrections open a window
for the singlino DM scenario with resonant b 221/rl'ticles
annihilation via exchange of SM Higgs boson | Aeff

S

® |n order to estimate the capability of this scenario, let us consider
the singlino + Higgs effective Lagrangian

mz A\ s MsUSY
28 sS4+ ;ﬁhss

singlino mass singlino-Higgs coupling MEWwW

J\ Other SUSY particles

SM particles + singlino

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 10,17



§1Singlino resonant DM

S
mg — )\eff ~ ~ --l:l.-- SM
—Leﬁ‘ O+ SS—+ hSS \ particles
2 2 N eff
S
singlino mass singlino-Higgs coupling
(S)
7 7o o
: 0 17 Pt Pt
i , Hy H, S S
/ T \ }
g g A Y AN 0\ 0
> ‘\ l‘ > / | \ Hd ~ S 4 H‘U.
Hi J’H. 0 e S
anq..e He H (S) (Ha) p “
mb +:.'1.\<S> “ H’S <Hd>
[ — ———
J— —
22 ytree (2 Y in 23 Alloop S " sin 203
i, . ~ Sin ~
mé o (47)? Msusy sin 23 o Msusy . (47)* Msusy
TT
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BSinglino resonant DM

V2!

M5 . Aeff , - Do su
SS —|— hS S particles
2 2 )\eff

>
L
|}
L
'
L
i ,
S S
\ !
\ ’
H’ H
-~ - .’ -
mb 4+ AAKS)
I — T

2
1-loop N A

MSUSY sin 25

: (4r)? negligible
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BSinglino resonant DM

S
Mz . Aeff, Do s
—Leﬁ‘ O+ 28 SS—+ ; hSS . )\eff particles
S
singlino mass singlino-Higgs coupling
>
i S - S
0 0
H Hs / Hd T Hu \/
3 5 A t \
I' / | \
LSS HY  (S)  (Hd)
mb4+ AAKS)
—
— ——
i )\2 tree 2 v )\1
m:sl‘ o (4 )2MSUSY sin 20 Aot~ Msusy Sn2p % - s
m negligible
~ 60 GeV ~ 0(0.01)

MSUSY ~ 0(10) GeV, tanﬁ ~ O(l), A~ O(l)
[Ishikawa, TK, Takimoto '14]

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo 11,17



BSinglino resonant DM

V2!

M5 .. Aeff, - N sm
SS—+ hS S particles
9 9 Aeff

!

The thermal relic abundance of singlino with this

effective Lagrangian by solving Bolzmann equation
0.1

40 45 50 55 60 65
m s [GeV] [Ishikawa, TK, Takimoto '14]
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BSinglino resonant DM

V2!

M5 .. Aeff, - N sm
SS—+ hS S particles
9 9 Aeff

The thermal relic abundance of singlino with this
effective Lagrangian by solving Bolzmann equation

0.1
0.05 Pink Line
Indirect search
£ 0.02
<
0.01 h
— — + —
0.005
0.002
40 45 50 55 60 65
m s [GeV] [Ishikawa, TK, Takimoto '14]
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§1Singlino resonant DM

V2!

mg — >\eff ~ ~ --l:l.-- SM
SS-+ hss R icles
9 9 Aeff

!

The thermal relic abundance of singlino with this

effective Lagrangian by solving Bolzmann equation
0.1

CMB

0.05 T R R A . Blue/Green Line

LUX (2013) - 85 live days

Direct search
g, - VO

0.005 XENONI1T

40 45 50 515) 60 65
ms [GEV] [Ishikawa, TK, Takimoto '14]
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§1Singlino resonant DM

V2!

mg — >\eff ~ ~ --l:l.-- SM
SS-+ hss R icles
9 9 Aeff

!

The thermal relic abundance of singlino with this
effective Lagrangian by solving Bolzmann equation

0.1 The allowed region
R NON100 (2012) obad HEC \ + is consistent with
LUX (2013) - 85 live days PRl the rough
,LBC N :: i i
= 0.02 2= estimation of
< singlino parameters
0.01 [ — —
0.005 SENON1T ™~ 60 GeV
o ~ 0(0.01)
0.002
40 45 50 59 60 65
ms [GEV] [Ishikawa, TK, Takimoto '14]
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High scale SUSY Desert

smail tree-level mass
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Numerical analysis in
the nMSSM parameters
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i Radiative Singlino mass

® Full one-loop corrections to neutralino mass matrix are included

July 30, 2014, PPP2014, Kyoto

A=0.75
100 |

50 |

All dimensionful parameters = Mg

one-loop

So ~ ~ _
\\“~\ \\\\\ \\\\\ tanf = 5 ) )
\\\\ \\\\ \\\ ta,n/B _ 10 .
~
I 'trEXE \\\\ \\\\ \‘\ b J\\ A,
\\\ \\\ \\\ n-:?.\.»l‘ S
\ \ \.\\ \ .\ A \\\ \ .
0.9 1 2 D 10 20 50
Ms|TeV] [Ishikawa, TK, Takimoto '14]

Teppei KITAHARA -The Univ. of Tokyo
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# Singlino resonant DM scenario

A2 =

50

20

tan[3

July 30, 2014, PPP2014, Kyoto

2
“M?
5 7S

CMS
| XENON100 (2012)

0.057

gobad Bt

Teppei KITAHARA -The Univ. of Tokyo

| LUX (2013) - 85 live days
: L. LHC
Other dimensionful parameters = Mg s 0.02 A
0.01 | ‘(QGQ\I
A=A\ | W
— max 0.005 " SENONIT
A T
0.00 ‘I
10 msz [GeV]
~ Ai=0.005 )
- 0.034 ]
| \ , L \ ‘ —
1 2 5 10 20 50 100
M s [TeV] [Ishikawa, TK, Takimoto '14]
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Syém Resonant D/
i Singlino resonant DM scenario

® [n this paper, we calculate the Higgs boson mass using the two-
loop renormalization group equation including the matching
condition A=\ max Giudice, Strumia '12]

50 S — o S

120

10

h=125GeV |

cg_ _ " Negr=0.005
CQ |
)

M s [TeV] [Ishikawa, TK, Takimoto '14]
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i Singlino resonant DM scenario

50

\ o

2

A3 = —M s All dimensionful parameters = Mg

A=A max

P

—

The DM relic abundance and the SM
Higgs boson mass can be explained
simultaneously

2 o 5 o '101.“ _-
M s [TeV]

July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of

20

Tokyo

50 100

[Ishikawa, TK, Takimoto '14]
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i Results : vs Future experiments

® The Higgs boson mass is fixed to be 125.5 GeV by changing the
parameterA, 0 < A < A ax

A(mi= 125.5 GeV)

w

10 g

8 10 15 20 30 50
M s [TeV] lIshikawa, TK, Takimoto '14]
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i Results : vs Future experiments

® The Higgs boson mass is fixed to be 125.5 GeV by changing the
parameterA, 0 < A < A ax

A(my= 125.5 GeV)
10 pum——

20

5 0.001 ]
- m¢=60GeV
: L
S 100 .
~
2 ;
0.005 01 e
! XENON100 (2012)
LUX (2013) - 85 live days
] - 1RO
| e e wr 0000 W
8 3 O 0.005. i XENONI1T
M s [TeV] lishil
0.002

40 45 50 55 60 65
July 30, 2014, PPP2014, Kyoto Teppei KITAHARA -The Univ. of Tokyo ms [GeV] 16 /17



i Results : vs Future experiments

® The Higgs boson mass is fixed to be 125.5 GeV by changing the
parameterA, 0 < A < A ax

(M= 125.5 GeV)
10 pu———
|

0.001

|

}

i

i my, < 125.5 GeV

1 Lo
8 10 15 20 30 50

Mg|[TeV] [Ishikawa, TK, Takimoto '14]
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i Results : vs Future experiments

® The Higgs boson mass is fixed to be 125.5 GeV by changing the
parameterA, 0 < A < A ax

10 pussmeeeem——— This scenario can be fully probed by
the proposed future experiments

“‘
x:

ms=60GeV

8 10 15 20 30 50
Mg|[TeV] [Ishikawa, TK, Takimoto '14]
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B Conclusions

« With high-scale SUSY breaking (O(10) TeV), the singlino can
obtain a sizable radiative mass, which opens a window for the
resonant DM scenario via the SM Higgs boson

 |n this scenario, the current DM relic abundance and the
observed Higgs boson mass can be explained simultaneously

* This scenario can be fully probed by the future experiments
(ILC Higgs invisible search + XENON direct DM search)

The sing[ino DM signaf can be “a ﬁrst sign” of the ﬁigﬁ-sca[e suyersymmetry!

S

Teppei KITAHARA, arXiv:1405.7371
Kitahara@hep-th.phys.s.u-tokyo.ac.jp
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Backup slide
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i SM Higgs boson mass in the nMSSM

[Giudice, Strumia '12]
® In the nMSSM, there is a sizable tree-level contribution to the
Higgs boson mass. When integrating out heavy SUSY particles

and matching with the SM, the SM Higgs quartic coupling is

A
Vr(H) — 821\/1 (H‘l'H . "U2)2
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® Large A and small tanB can give a sizable contribution to the
Higgs boson mass

® [n this paper, we calculate the Higgs boson mass using the two-
loop renormalization group equation including the above
matching condition
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I Singlino resonant DM scenario

A2 = =M § All dimensionful parameters = Mg
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Z5 charge
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. DiSCIEte R-Symmetry ZS [Panagiotakopoulos, Pilaftsis '00]
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where “1” means charge w = exp(27i/5), and “5” means w” = 1
Winmssm = ASHy Hy + Wyukawa
S°“H.H,
Mp

Kimssm = Kussm + \§|2+/<32

+ higher term + h.c.

Once supersymmetry is broken, tadpole term is emerged
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leading diagram of the tadpole
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I EDM in the high scale nMSSM

Chargino-sneutlino loop Neutralino-smuon loop
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heref where ¢ = arg (Neﬂi\[gaugiuo)-
therefore
d.| ~ O(107*") e cm
—929 1 ANO; Table 2: Future prospects for EDM
|d('f| <8.7 x 10 € C11l (90/0 CL @ThO molecule experiments upper bound on |d,| ¢
Fr [24] 1 x 10~
YbF molecule |23 1 x 10~%%
WN ion [2()'] 1 x 10~Y¢
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i Verification

@® \Verification : One loop corrections become zero in the SUSY

Limit
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