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- Stability of the DM can be guaranteed by an unbroken symmetry.
- The simplest possibility is a Z2 symmetry.
- If the DM stabilizing symmetry is larger than Z2 ,  a multicomponent     
   DM system can be realized.

Dark Matter

ZN (N ≧ 4)
a product of two or more Z2’s  
    :

The existence of DM has been confirmed by astronomy,
but the origin of DM is still unknown.

Dark Matter
2７% Matter ５%

Dark Energy
     　68%

Bullet Cluster

Galaxy rotation curves

Boehm, Fayet and Silk, PRD69 (2004); D’Eramo and Thaler, JHEP 1006 
(2010); Belanger et al, JCAP 1204 (2012), arXiv:1403.4960 [hep-ph]; Ivanov 
and Keus, Phys. Rev. D 86, (2012), etc.

Introduction

Gravitational lens

e.g.)



Mayumi Aoki    　　        　FLASY2014     University of Sussex            June. 17, 2014 4

e.g.)

● Model with Z4 symmetry

SM (Z4=0)

X1 (Z4=1)X1* (Z4=−1)

X2 (Z4=2)

-   m2 > m1 +m1 
                  χ2 →χ1 χ1           1 DM particle
-   m2 < m1 +m1                     
                                              2 DM particles  

Introduction
   Multicomponent DM system

● Model with Z2 × Z2’ Z2 Z2’
χ1 − +
χ2 + −
χ3 − −

-   m3 > m1 +m2 
                  χ3 →χ1 χ2           2 DM particle
-   m3 < m1 +m2                     
                                              3 DM particles  

 m3 > m2 > m1 
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Standard DM Conversion Semi-annihilation

DM annihilation processes

5

χiχi →χjχjχiχi →XSMXSM χiχj →χkXSM

χi

χi χj

χjχi

χi χk

XSMχj

XSM

XSM

χi

χi

In addition to the standard annihilation processes, there can be nonstandard DM 
annihilation processes.

Introduction

ṅ�1 + 3Hn�1 = �
n

h��1�1!XSMXSM |v|i(n2
�1

� n̄2
�1
) + h��1�1!�2�2 |v|i(n2

�1
� n̄2

�1

n2
�2

n̄2
�2

)

+ h��1�2!�3XSM |v|i(n�1n�2 � n̄�1 n̄�2

n�3

n̄�3

)
ostandard

semi-annihilation

DM conversion
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χi χk
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XSM
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χi
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In addition to the standard annihilation processes, there can be nonstandard DM 
annihilation processes.

Introduction

Z3 symmetric DM, New Vector boson DM 
D'Eramo and Thaler, JHEP1006(2010); Belanger et al, 
JCAP1204(2012), JCAP(2013), arXiv:1403.4960 [hep-ph]; 
Hambye, JHEP0901(2009); Arina et al, JCAP1003(2010), etc.

Single component DM :  χχ →χ*XSM

Semi-annihilation in the single component DM system

ṅ�1 + 3Hn�1 = �
n

h��1�1!XSMXSM |v|i(n2
�1

� n̄2
�1
) + h��1�1!�2�2 |v|i(n2

�1
� n̄2

�1

n2
�2

n̄2
�2

)

+ h��1�2!�3XSM |v|i(n�1n�2 � n̄�1 n̄�2

n�3

n̄�3

)
ostandard

semi-annihilation

DM conversion
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In addition to the standard annihilation processes, there can be nonstandard DM 
annihilation processes.

Introduction

ṅ�1 + 3Hn�1 = �
n

h��1�1!XSMXSM |v|i(n2
�1
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�1
) + h��1�1!�2�2 |v|i(n2

�1
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�1
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+ h��1�2!�3XSM |v|i(n�1n�2 � n̄�1 n̄�2

n�3

n̄�3

)
ostandard

semi-annihilation

DM conversion

Impact on the indirect signals : 
PAMELA/Fermi positron excess,
Fermi-Lat γ-line, 
Fermi-Lat diffuse γ from the Galactic center
   :

Boehm, Fayet, Silk, PRD69 (2004); Cao et al, arXiv:0711.3881 
[hep-ph]; Huh, Kim, Kyae, PRD79 (2009); Zurek, PRD79 (2009);  
D'Eramo, McCullough,Thaler, JCAP1304, (2013); Biswas et al, 
arXiv:1301.3668 [hep-ph]; MA, Kubo, Takano, PRD87 
(2013);Gu, Phys.Dark Univ. 2 (2013), etc

DM annihilation processes
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 Radiative seesaw model    

7

Neutrino masses are generated via the radiative effect. 

Introduction
DM stabilizing symmetry                   Neutrino mass generation mechanism

mij
� =

�
1

16�2

⇥N fij
�

�⇥0 ⇥2

Neutrino masses would be explained by the TeV-scale physics.

N-loop:

⇒ Due to the loop suppression factor,  Λ can be lower. 

ν
L 

ν
L 

φ0φ0



Mayumi Aoki    　　        　FLASY2014     University of Sussex            June. 17, 2014

 Radiative seesaw model    

7

Neutrino masses are generated via the radiative effect. 

Introduction
DM stabilizing symmetry                   Neutrino mass generation mechanism

mij
� =

�
1

16�2

⇥N fij
�

�⇥0 ⇥2

Neutrino masses would be explained by the TeV-scale physics.

N-loop:

⇒ Due to the loop suppression factor,  Λ can be lower. 

ν
L 

ν
L 

φ0φ0

Exact discrete symmetry is imposed.

We study the multicomponent DM system in the extended Ma model.

S+ Φ1(Φ2)

νLi νLj

×v

×
v

eL eR

●
Φ2(Φ1)

k−−h− h−

νLi νLj

×
v

×
v

eR− l eL− leL− k eR−k

× ×v v

νLj
η0η0

NR
c α

νLi × × ×
v v

× νLj
NR

c α
νLi

lL lR lR lL

S1+S2+S1+ S2+

Ma, PRD73, 077301 (2006) 
Krauss, Nasri, Trodden 
PRD67,085002 (2003) Zee, NPB264,99 (1986)

Babu, PLB203,132 (1988) 
Zee, PLB93,389 (1980), 
PLB161,141 (1985) 
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Ma, PRD73, 077301 (2006) 

field SU(2)L U(1)Y Z2

(⌫Li, li) 2 �1/2 +
lci 1 1 +
N c

i 1 0 �
H = (H+, H0) 2 1/2 +
⌘ = (⌘+, ⌘0) 2 1/2 �

8

 Ma model 

⌘ =

✓
⌘+

(⌘0R + i⌘0I )/
p
2

◆
, h⌘i = 0

- Inert doublet scalar  

   Ma model

×oddNRα νL

Φ0SMeven

even

- Z2 symmetry is introduced to forbid the Dirac neutrino mass term.
  →Then the neutrino masses are generated at the one-loop level .

SM+NR + η

- Relevant Lagrangian

   NR, η0R  or η0I
- Single component DM 

× ×v v

× �L
j

�0�0

NR
c �

�L
i

L = Y ⌫
ikLi✏⌘N

c
k �


1

2
MkN

c
RkN

c
Rk +

1

2
�5(H

†⌘)2 + h.c.

�

λ5
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× ×v v

× �L
j

�0�0

NR
c �

�L
i

9

● Neutrino masses   

 

  Mν = 0.1 eV,  New masses ~O(100) GeV → |Yν Yν λ5 |~ 10-10 

(M⌫)ij =
X

k

Y ⌫
ikY

⌫
jkMk

16⇡2

"
m2

⌘0
R

m2
⌘0
R
�M2

k

ln

✓
m⌘0

R

Mk

◆2

�
m2

⌘0
I

m2
⌘0
I
�M2

k

ln

✓
m⌘0

I

Mk

◆2
#

- small λ5 case (λ5 << m0)

2�5v
2 =m2

⌘R
�m2

⌘I

- μ→eγ constraint :

λ5

B(μ→eγ)exp ≲	 5.7×10-13 MEG(2013) 

YνYν ≲ 10-4 

● Lepton Flavor Violation :

! e

"

NR

#+η+

NR

μ e

γ

   Ma model

(M⌫)ij '
YikYjk�5v2

8⇡2

Mk

m2
0 �M2

k

8
<

:1� M2
k

m2
0 �M2

k ln m2
0

M2
k

9
=

;

m2
0 =

m2
⌘0
R
+m2

⌘0
I

2



Mayumi Aoki    　　        　FLASY2014     University of Sussex            June. 17, 2014

NR DM :   
Ωh2 ~ 0.12  →  Yν ~ 1

10

Lopez Honorez et al., JCAP0702(2007); 
Gustafsson et al. PRD86 (2012) 

η DM   : η0R

h

h

η0R

h

h

h

η0R

η0R

XSMη0R

η0R XSM

•••

   Ma model

Two mass regions of DM consistent with the data.                      
-  low-mass region   (  40 GeV < mη < 80 GeV)     
-  high-mass region ( > 500 GeV)

η+/ηR,I

N

N

l+/ν

l+/ν

   NR, η0R or η0I
● Dark Matter

Kubo et al. PLB642 (2006)  
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→ Extension the Ma model

- Neutrino masses :

- LFV :

- NR DM relic abundance :  

|Yν Yν λ5 |~ 10-10 

YνYν ≲ 10-4 

Yν ~ 1

 λ5 ~ 10-5 for Yν ~ 0.01  

   Ma model

- There is the tension between the LFV and the relic abundance.

- We need some fine tuning to obtain the small λ5 for Yν~0.01.
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×v ×v

× νL
j

η0η0

NR
c α

νL
i

×
φ

χ

12

� = (�R + i�I)/
p
2 .

field SU(2)L U(1)Y Z2 Z 0
2 L

(⌫L, lL) 2 �1/2 + + 1
lcR 1 1 + + �1
N c

R 1 0 � + 0
H = (H+, H0) 2 1/2 + + 0
⌘ = (⌘+, ⌘0) 2 1/2 � + �1

� 1 0 + � 0
� 1 0 � � 1

• The λ5 term , λ5 (H†η)2+h.c., in Ma model is forbidden by #L. 
• The λ5eff  is generated at the 1-loop level.
•New relevant terms for neutrino mass :

• #L is softly violated at m52 term. 
• mηR = mηI at the tree level. The degeneracy is lifted by λ5eff.

Model
 Two-loop radiative seesaw model  

• DM candidates are

V � 

2

⇥
(H†⌘)��+ h.c.

⇤
+

1

2
m2

5[�
2 + (�⇤)2 ]

   NR,  η0R/I,   χ,   φ0R/I Multicomponent DM system
(Z2, Z2’) = (−,+),     (+,−), (−,−)

κ κ
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×v ×v

× νL
j

η0η0

NR
c α

νL
i

×
φ

χ

× ×v v

× �L
j

�0�0

NR
c �

�L
i

λ5eff

13

● Neutrino mass

λ5
eff term  (for m5

2 = mφR
2 - mφI

2 << mφR
2 ) 

(M⌫)ij ' ��e↵
5 v2h
8⇡2

X

k

Y ⌫
ikY

⌫
jkMk

m2
⌘0 �M2

k

"
1� M2

k

m2
⌘0 �M2

k

ln
m2

⌘0

M2
k

#
.

�e↵5 ' � 2

64⇡2

m2
5

m2
�R

�m2
�

"
1�

m2
�

m2
�R

�m2
�

ln
m2

�R

m2
�

#

- Mν = 0.1 eV,  New physical masses ~O(100) GeV →   κYν m5 ~ 10-2 GeV  

- The smallness of λ5 is explained by the radiative generation.

- κ~0.1, Yν~0.01  → m5 ~ 10 GeV,  λ5eff ~10-5

m⌘0 = m⌘0
R
' m⌘0

I

- The neutrino mass is proportional to |Yν κ|2 m52.

Neutrino mass
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 We assume NR, χ and φR are the DM.

DM annihilation processes: We assume   mφ >  mχ .

Dark matter

- Conversion between φI⇄φR

- We sum up the number densities of φI and φR,  nφ = nφI + nφR , and 
solve the Boltzmann equation of nN , nφ and nχ .

Standard annihilation : NN ! XX 0, �R�R ! XX 0, �� ! XX 0,

DM conversion : �R�R ! ��,

Semiannihilation : N�R ! �⌫, �N ! �R⌫, �R� ! N⌫,

Three-component DM system.

SM SM

η0R

φR φI

η0I

χ

Z

- Annihilation processes of φI

Standard annihilation : �I�I ! XX 0,

DM conversion : �I�I ! ��,

Semiannihilation : N�I ! �⌫, �N ! �I⌫, �I� ! N⌫.
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f̄

f

h

φR,I,χ

φR,I,χ

χ

χ

h

φR,I

φR,I

φR,I

φR,I

χ

χ

φR,I

φR,I

χ

χ

η0R,I

15

DM Conversion:

Semi-annihilation:

Standard

- In the Ma model, the ΩNh2 tends to be larger than 0.12. 
However, in this model, the contribution from the semi-
annihilation can enhance the annihilation rate for NR .
- The tension between the constraints of LFV and ΩNh2 
   becomes mild.

η0R,I

φR,I

χ

N

ν

η+/η0R,I

l+/νN

N l−/ν

γ7

γ5,γ2 

Dark matter

κ Yν

h

h

h

φR,I,χ

φR,I,χ

φR,I,χ

φR,I,χ

h

h

φR,I,χ

φR,I,χ

h

h

φR,I,χ

W−, Z

W+, Z

h

φR,I,χ

φR,I,χ

η0R,I

φR,Iχ

N ν

η0R,I

φR,I χ

N ν

N1 N1

χχ

Semi-ann.

SM

φφ

Yν

Yν

. . .
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Benchmark Point 
Relic abundance

300 GeV 
 |
N1

10 GeV

φRχ φI

50 GeV   1 TeV
     | 
N2, N3 

  
     || 
ηR,ηI 

•Neutrino mass scale
•Vacuum stability
•Perturbativity |�i|, |�i|, || < 1

M1 300 GeV
m⌘0

R
m� +m�R � 10 GeV

m�I m� + 60 GeV
m�R m� + 50 GeV

� ⌘ �2,5,7 0.1
 0.4
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Benchmark Point 
Relic abundance

300 GeV 
 |
N1

10 GeV

φRχ φI

50 GeV   1 TeV
     | 
N2, N3 

  
     || 
ηR,ηI 

- γ=0.1 → mχ~200 GeV for Ωh2~0.12  Scalar DM 

- mχ>220 GeV →  ΩNh2>0.12

- γ > 0.2  →  mχ~220 GeV       N DM
- γ~0.08   →  mχ~150 GeV   Scalar DM

Semi-annihilation tends to decrease 
the relic density of the N DM.

•Neutrino mass scale
•Vacuum stability
•Perturbativity |�i|, |�i|, || < 1

M1 300 GeV
m⌘0

R
m� +m�R � 10 GeV

m�I m� + 60 GeV
m�R m� + 50 GeV

� ⌘ �2,5,7 0.1
 0.4

150 200 250 300
m

r
 [GeV]

10-3

10-2

10-1

100

101

102

103

1
h2 ΩNh2

Ωtotalh2

Ωφh2 Ωχh2
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Direct detection

�e↵

i = �i

✓
⌦ih2

⌦
total

h2

◆

The current upper bound for the DM-nucleon cross section is estimated assuming 
the single component DM scenario.

Constraint on the detection rate in the multicomponent DM scenario.

effective cross section :
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Direct detection

�e↵

i = �i

✓
⌦ih2

⌦
total

h2

◆

The current upper bound for the DM-nucleon cross section is estimated assuming 
the single component DM scenario.

Constraint on the detection rate in the multicomponent DM scenario.

effective cross section :

- χ and φR have interactions to the quarks. 

- The effective cross sections : 

�e↵

�R
= ��R

✓
⌦�Rh

2

⌦
tot

h2

◆

Our model 

�e↵

� = ��

✓
⌦�h2

⌦
tot

h2

◆

q

χ, φR

h

q

χ, φR
γ2, γ5/2
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150 200 250 300 350 400 450 500
m

r
 [GeV]

10-46

10-45

10-44

10-43

m
qR

ef
f + 

m
ref

f  [c
m

2 ]

LUX
XENON100

mN = 500 GeVmN = 300 GeVM1=300 GeV M1=500 GeV

- At mχ=220 (380) GeV for M1=300 (500)GeV
   → large γ , small Ωχ,φ

- The obtained cross section is accessible to 
   XENON1ton.

Ωtotalh2~0.12

Direct detection

�e↵

i = �i

✓
⌦ih2

⌦
total

h2

◆

The current upper bound for the DM-nucleon cross section is estimated assuming 
the single component DM scenario.

Constraint on the detection rate in the multicomponent DM scenario.

effective cross section :

- χ and φR have interactions to the quarks. 

- The effective cross sections : 

�e↵

�R
= ��R

✓
⌦�Rh

2

⌦
tot

h2

◆

Our model 

�e↵

� = ��

✓
⌦�h2

⌦
tot

h2

◆

q

χ, φR

h

q

χ, φR
γ2, γ5/2
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 We discuss the neutrinos from the annihilation of captured DM in the Sun. 

18

ν

Neutrino from the Sun 

Indirect detection

  DM

Cosmic ray from the DM annihilation. 

Indirect signals

IceCUBE 
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 We discuss the neutrinos from the annihilation of captured DM in the Sun. 

18

ν

Neutrino from the Sun 

Indirect detection

  DM

Cosmic ray from the DM annihilation. 

Indirect signals

IceCUBE 

In our model, the semi-annihilation process produces 
a monochromatic neutrino.

χ ν

NφR

ηR
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nχ : Number of DM in the Sun
C  :  Capture rate in the Sun.        
CA : Annihilation rate  CA=<σv>/Veff 

- Time evolution of nχ in the Sun 
Single component DM : χ 

Veff : Effective Volume of the Sun 

ṅ� = C � CAn
2
�

Indirect detection

  Γ = CA nχ2/2 = C/2 .        

Fixed point at  C=CA nχ2

 → equilibrium →  The number of DM reaches its maximal value.
- DM annihilation rate :

- Neutrino production rate :  Γν = Γ Br(χχ→XX’νν)

CA(�� $ XX 0) =
< �(�� ! XX 0)v >

Ve↵

Veft = 5.7⇥ 1027
✓
100 GeV

m�

◆3/2

cm3

χχ

q

χ

χ

SM

SM
q

- At the time of birth of the Sun the nχ were zero.
- The nχ increase with time and approach the fixed point values.
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 )-2 / GeV c
r

log10 ( m
1 2 3 4

 )2
 / 

cm
SI

,p
m

lo
g1

0 
( 

-46

-45

-44

-43

-42

-41

-40

-39

-38
MSSM incl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)
CDMS (2010)
CDMS 2keV reanalyzed (2011)
CoGENT (2010)
XENON100 (2012)

)bIceCube 2012 (b
z)-W+IceCube 2012 (W
)2 = 80.4GeV/cW<mr for m-o+o (z

 )-2 / GeV c
r

log10 ( m
1 2 3 4

 )2
 / 

cm
SD

,p
m

lo
g1

0 
( 

-40

-39

-38

-37

-36

-35
MSSM incl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)
COUPP (2012)
Simple (2011)
PICASSO (2012)

)bSUPER-K (2011) (b
)-W+SUPER-K (2011) (W

)bIceCube 2012 (b
z)-W+IceCube 2012 (W

)2 = 80.4GeV/cW<mr for m-o+o (z

IceCube Collaboration 
Phys.Rev.Lett. 110 (2013) 13, 131302

Uncertainties in neutrino-nucleon cross sections for sig-
nal simulations arise in the parametrization of the CTEQ6-
DIS parton distribution functions as used in NUSIGMA [24].
In addition to this theoretical uncertainty on!", the energy-
dependent error on the experimental !" measurement [25]
is included. The uncertainty in neutrino oscillation parame-
ters used in signal flux calculations is investigated through
variations of mixing parameters within the quoted 1!
regions [25]. Here, the dominant effect results from the least
constrained mixing angle #23, maximizing tau (dis)appear-
ance within the expected flux expectation.

The second class of uncertainties includes absolute cali-
bration and DOM to DOM variation of sensitivity, optical
properties of the glacial ice, and photon propagation to the
detector. The systematic uncertainties on absolute DOM
sensitivity are evaluated with sets of signal simulations
with an overall shift of 10% in DOM efficiency. As base-
line simulations do not account for varying relative DOM
efficiency, dedicated signal simulations are performed
with individual DOM efficiencies from a Gaussian fitted
to the in situ measured spread (! ¼ 0:087) and centered
around the nominal value. Optical properties of the glacial
ice are measured [19] and characterized in models that are
parametrizations of the absorption and scattering coeffi-
cients as a function of depth and position in the detector.
Two such models [19,26], differing in parametrization
techniques, are considered to bracket the uncertainty in
light yield resulting from the ice description. Individual
uncertainties, listed in Table II, are added in quadrature to
obtain the total systematic uncertainty for each benchmark
mass region.

The upper limits on $s for each signal hypothesis are
then converted to limits on the neutrino to muon conver-
sion rate and, through DarkSUSY [9], to limits on the
WIMP annihilation rate in the Sun !A. For better compari-
son to other experiment limits, the neutrino flux ("") from
the Sun and the corresponding induced muon flux in the ice
("$), both integrated above 1 GeV, are computed at the
90% confidence level. These limits are listed in Table I.
Also specified is the median sensitivity #"$ derived from
simulations without signal. Under the assumption of equi-
librium between WIMP capture and annihilation in the
Sun, limits on !A are converted into limits on the spin-
dependent!SD;p and spin-independent !SI;p WIMP-proton
scattering cross sections, using the method from Ref. [27].
The results are listed in Table I and shown in Fig. 2 together

TABLE II. Systematic errors on signal flux expectations in %.
The class-II uncertainties are marked with *’s

Mass ranges (GeV=c2)
Source <35 35–100 >100

" oscillations 6 6 6
"-nucleon cross section 7 5.5 3.5
$ propagation in ice <1 <1 <1
Time, position calibration 5 5 5
DOM sensitivity spread* 6 3 10
Photon propagation in ice* 15 10 5
Absolute DOM efficiency* 50 20 15
Total uncertainty 54 25 21

TABLE I. Results from the combination of the three independent data sets. The upper 90% limits on the number of signal events
$90

s , the WIMP annihilation rate in the Sun !A, the muon flux"$ and neutrino flux"", and the WIMP-proton scattering cross sections

(spin independent, !SI;p; spin dependent, !SD;p) at the 90% confidence level, including systematic errors. The sensitivity #"$ (see the

text) is shown for comparison.

m% !A
#"$ "$ "" !SI;p !SD;p

(GeV=c2) Channel $90
s (s"1) (km"2y"1) (km"2y"1) (km"2y"1) (cm2) (cm2)

20 &þ&" 162 2:46$ 1025 5:26$ 104 9:27$ 104 2:35$ 1015 1:08$ 10"40 1:29$ 10"38

35 &þ&" 70.2 1:03$ 1024 1:03$ 104 1:21$ 104 1:02$ 1014 6:59$ 10"42 1:28$ 10"39

35 b #b 128 1:99$ 1026 5:63$ 104 1:04$ 105 6:29$ 1015 1:28$ 10"39 2:49$ 10"37

50 &þ&" 19.6 1:20$ 1023 4:82$ 103 2:84$ 103 1:17$ 1013 1:03$ 10"42 2:70$ 10"40

50 b #b 55.2 1:75$ 1025 2:06$ 104 1:80$ 104 5:64$ 1014 1:51$ 10"40 3:96$ 10"38

100 WþW" 16.8 3:35$ 1022 1:49$ 103 1:19$ 103 1:23$ 1012 6:01$ 10"43 2:68$ 10"40

100 b #b 28.9 1:82$ 1024 7:57$ 103 5:91$ 103 6:34$ 1013 3:30$ 10"41 1:47$ 10"38

250 WþW" 29.9 2:85$ 1021 3:04$ 102 4:15$ 102 9:72$ 1010 1:67$ 10"43 1:34$ 10"40

250 b #b 19.8 1:27$ 1023 1:85$ 103 1:45$ 103 4:59$ 1012 7:37$ 10"42 5:90$ 10"39

500 WþW" 25.2 8:57$ 1020 1:46$ 102 2:23$ 102 2:61$ 1010 1:45$ 10"43 1:57$ 10"40

500 b #b 30.6 4:12$ 1022 8:53$ 102 1:02$ 103 1:52$ 1012 6:98$ 10"42 7:56$ 10"39

1000 WþW" 23.4 6:13$ 1020 1:19$ 102 1:85$ 102 1:62$ 1010 3:46$ 10"43 4:48$ 10"40

1000 b #b 30.4 1:39$ 1022 4:33$ 102 5:99$ 102 5:23$ 1011 7:75$ 10"42 1:00$ 10"38

3000 WþW" 22.2 7:79$ 1020 1:09$ 102 1:66$ 102 1:65$ 1010 3:44$ 10"42 5:02$ 10"39

3000 b #b 26.1 4:88$ 1021 2:52$ 102 3:47$ 102 1:89$ 1011 2:17$ 10"41 3:16$ 10"38

5000 WþW" 22.8 8:79$ 1020 1:01$ 102 1:58$ 102 1:77$ 1010 1:06$ 10"41 1:59$ 10"38

5000 b #b 26.4 6:50$ 1020 2:21$ 102 3:26$ 102 1:63$ 1011 4:89$ 10"41 7:29$ 10"38
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mχ=250 GeV :

IceCUBE (2013)

Neutralino DM
  χχ→ WW → XX’νν   
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dependent error on the experimental !" measurement [25]
is included. The uncertainty in neutrino oscillation parame-
ters used in signal flux calculations is investigated through
variations of mixing parameters within the quoted 1!
regions [25]. Here, the dominant effect results from the least
constrained mixing angle #23, maximizing tau (dis)appear-
ance within the expected flux expectation.

The second class of uncertainties includes absolute cali-
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properties of the glacial ice, and photon propagation to the
detector. The systematic uncertainties on absolute DOM
sensitivity are evaluated with sets of signal simulations
with an overall shift of 10% in DOM efficiency. As base-
line simulations do not account for varying relative DOM
efficiency, dedicated signal simulations are performed
with individual DOM efficiencies from a Gaussian fitted
to the in situ measured spread (! ¼ 0:087) and centered
around the nominal value. Optical properties of the glacial
ice are measured [19] and characterized in models that are
parametrizations of the absorption and scattering coeffi-
cients as a function of depth and position in the detector.
Two such models [19,26], differing in parametrization
techniques, are considered to bracket the uncertainty in
light yield resulting from the ice description. Individual
uncertainties, listed in Table II, are added in quadrature to
obtain the total systematic uncertainty for each benchmark
mass region.

The upper limits on $s for each signal hypothesis are
then converted to limits on the neutrino to muon conver-
sion rate and, through DarkSUSY [9], to limits on the
WIMP annihilation rate in the Sun !A. For better compari-
son to other experiment limits, the neutrino flux ("") from
the Sun and the corresponding induced muon flux in the ice
("$), both integrated above 1 GeV, are computed at the
90% confidence level. These limits are listed in Table I.
Also specified is the median sensitivity #"$ derived from
simulations without signal. Under the assumption of equi-
librium between WIMP capture and annihilation in the
Sun, limits on !A are converted into limits on the spin-
dependent!SD;p and spin-independent !SI;p WIMP-proton
scattering cross sections, using the method from Ref. [27].
The results are listed in Table I and shown in Fig. 2 together

TABLE II. Systematic errors on signal flux expectations in %.
The class-II uncertainties are marked with *’s

Mass ranges (GeV=c2)
Source <35 35–100 >100

" oscillations 6 6 6
"-nucleon cross section 7 5.5 3.5
$ propagation in ice <1 <1 <1
Time, position calibration 5 5 5
DOM sensitivity spread* 6 3 10
Photon propagation in ice* 15 10 5
Absolute DOM efficiency* 50 20 15
Total uncertainty 54 25 21

TABLE I. Results from the combination of the three independent data sets. The upper 90% limits on the number of signal events
$90

s , the WIMP annihilation rate in the Sun !A, the muon flux"$ and neutrino flux"", and the WIMP-proton scattering cross sections

(spin independent, !SI;p; spin dependent, !SD;p) at the 90% confidence level, including systematic errors. The sensitivity #"$ (see the

text) is shown for comparison.
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500 b #b 30.6 4:12$ 1022 8:53$ 102 1:02$ 103 1:52$ 1012 6:98$ 10"42 7:56$ 10"39

1000 WþW" 23.4 6:13$ 1020 1:19$ 102 1:85$ 102 1:62$ 1010 3:46$ 10"43 4:48$ 10"40

1000 b #b 30.4 1:39$ 1022 4:33$ 102 5:99$ 102 5:23$ 1011 7:75$ 10"42 1:00$ 10"38

3000 WþW" 22.2 7:79$ 1020 1:09$ 102 1:66$ 102 1:65$ 1010 3:44$ 10"42 5:02$ 10"39
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Indirect detection

http://inspirehep.net/search?p=collaboration:%27IceCube%27&ln=ja
http://inspirehep.net/search?p=collaboration:%27IceCube%27&ln=ja
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ṅi = Ci � CA(ii ! SM)n2
i �

X

mi>mj

CA(ii ! jj)n2
i � CA(ij ! k⌫)ninj

Indirect detection

- Neutrino flux :

- Monochromatic ν production rate :

R	
  : the distance to the Sun

Standard Conversion Semi-annihilation

Multicomponent DM : φR, χ, NR 

�⌫ = �⌫/(4⇡R
2)

�⌫ = CA(�� ! N c
R⌫)n�n�

χ ν

NφR
ηR

- Since CN=0, the nN cannot increase.
- φχ→Nν is the only ν production process.
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- Monochromatic ν production rate :

- When δ=1GeV, the larger neutrino flux     
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Summary
We have proposed the radiative seesaw model with
multicomponent  DM system.

Two-loop extension of Ma model with Z2 × Z2 symmetry.    
   - The small λ5 coupling is realized by the radiative correction.
Three-component (N, χ, φR) DM system.
    - ΩNh2 is reduced by the semi-annihilation processes.
    - For the direct detection, the predicted value will be covered by 
      XENON1T.
    - The monochromatic neutrino is produced by the semi-annihilation.
    - The neutrino flux from the Sun is enhanced by the resonant effect. 
      However, the flux is very small compared with the IceCUBE     
      sensitivity. 
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Thank you for your attention.


