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Introduction
Dark Matter

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

Dark Energy
68%

Dark Matter ' ;
279 Matter 5% Gravitational lens

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

e.g.) Zn (N z 4)

a product of two or more Z,'s

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
Multicomponent DM system

e.g.)
e Model with Z, x Z,’

ms > mp> > mi

- Mm3>mi+mp
X3 —~X1 X2
- Mm3< mi+mop

e Model with Z; symmetry

- MmM> >mq+miq
X2 —~X1 X1
- Mr< mi+miq

2 DM particle

3 DM particles

1 DM particle

2 DM particles

X2 (Z4=2)

X1 (Zs=-1)

X1(Z4=1)

SM (Z4=0)



Introduction

DM annihilation processes

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

annihilation processes.

Standard DM Conversion Semi-annihilation
XiXi ~XsmXsm XiXi ~XiX; XiXj %Xszngc k
Xi Xsm Xi X; N Xsm

th + 3HnX1 — _{ <0X1X1—>XSMXSM ‘UD(nil - ﬁil) + <UX1X1—>X2X2 ‘v‘>(ni1 - ﬁil ;L;Q )

_ _ n
+ <0X1X2—>X3XSM ‘UD(nXlan — Ny My ﬁX?) )}
X3
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In addition to the standard annihilation processes, there can be nonstandard DM
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Semi-annihilation in the single component DM system

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

DM annihilation processes

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

Standard DM Conversion Semi-annihilation
XiXi — XsmXsm XiXi —XiXi XiXj %XkXSM
1A1 ] ] . Xk
. . : Xsm
Xi Xsm Xi Xj X]
nz
. 2 —2 2 —2
s+ 3Hny, = = {0 Xauxen [PD (0, =72, H{(0nmane 0) (12, — 72, =32)
X2
_ Ty \
. . . + <0X1X2—>X3XSM ‘UD(nXlan — Ty Mx 5 )}
Impact on the indirect signals : X3
PAMELA/Fermi positron excess, Boehm, Fayet, Silk, PRD69 (2004); Cao et al, arXiv:0711.3881
Fermi-Lat y-line, [hep-ph]; Huh, Kim, Kyae, PRD79 (2009); Zurek, PRD79 (2009);

. . . D'Eramo, McCullough,Thaler, JCAP1304, (2013); Biswas et al,
Fermi-Lat diffuse y from the Galactic center  _ . 1304 2663 lhep-ph]; MA, Kubo, Takano, PRD87

(2013);Gu, Phys.Dark Univ. 2 (2013), etc



Introduction

DM stabilizing symmetry

Radiative seesaw model

_

VL

¢

Neutrino mass generation mechanism

O
\Nam/

N ..
N-loop: m./ = (1617T2> i

VL

Neutrino masses are generated via the radiative effect.
= Due to the loop suppression factor, A can be lower.

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



Introduction

DM stabilizing symmetry Neutrino mass generation mechanism

Radiative seesaw model

¢ 40

\ . ij 1 Nfij 0\ 2
—»—‘— N-loop: ;= (167r2) R
v \%9

Neutrino masses are generated via the radiative effect.
= Due to the loop suppression factor, A can be lower.

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

§ (¥ 1)) s” AN .
(I)z(q)l)‘l. L x‘ /x Sl+" S2+I, \\S2+“\SI+
P S e S _ \v’ . ' .
s0” LD S N ,e” T ‘v 0 Vi I e l'l‘ Ve
' ’1 \ . . 'e_Lk e : en! eil‘_ ; 1]"' “,7 L lr Nga Rlr
> fj‘ f)‘ N Krauss, Nasri, Trodden
Zee, PLB93,389 (1980), Zee, NPB264,99 (1986) Ma, PRD73, 077301 (2006) PRD67,085002 (2003)
PLB161,141 (1985) Babu, PLB203,132 (1988) . ..
Exact discrete symmetry is imposed.

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



Ma model

Ma model SM+N R+ n Ma, PRD73, 077301 (2006)
[ §) U
field SUR2)r | Uy | Z; X X
(VLi7 lz) 2 —1/2 + _‘_v_’
< 1 1 + o’ As Y
N¢ 1 0 — ; ' N ' ;
H=(HF,H) 2 1/2 | + VL e Ve
R
n=(nt,n" 2 1/2 | —

- Inert doublet scalar ( nt
TN i)/ V2

). =0

- Z; symmetry is introduced to forbid the Dirac neutrino mass term. 4, even
—Then the neutrino masses are generated at the one-loop level .~
- Relevant Lagrangian NR
odd
1 VL even

1

- Single component DM
Ng, 1'% or n%



Ma model

e Neutrino masses

U U
14 v 2 2 2 2
(M) = Z el ot In Moy ) g In ] X X
v)ij 1672 m20 . M,? Mk m20 _ M}? Mk A4
k: T’R nI ™ -
0" A ~\ 0
- small A5 case (A5 << my) L >
2 2 . " 1
mso +m2, vit > v/
n n
2)\502 :m%R — m%I m% = = 5 . Ng"“
A~ YieYikAsv® My | M}
( V)ij — {772 m2 — M?2 9 211y M0
0 k mg — M In M2

Mv = 0.1 eV, New masses ~O(100) GeV — Y, Y, A5 | ~ 1010

e Lepton Flavor Violation : . N
- u—ey constraint : /,’7_\ K\
B(u—sey)e® < 5.7x10-13  MEG(2013) g —l

YV Yv =< 10_4

e
Nr



Ma model

e Dark Matter

Two mass regions of DM consistent with the data.

- low-mass region ( 40 GeV < my, < 80 GeV) Lopez Honorez et al., JCAP0702(2007);

- high-mass region (> 500 GeV) Gustafsson et al. PRDS86 (2012)

Qh2~0.12 —> Yv~1

Kubo et al. PLB642 (2006)
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Ma model

- Neutrino masses : 'Y, Y, As | ~ 1010

= LFV . Yvyv S 10_4

- Ngr DM relic abundance : Y, ~1

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

- We need some fine tuning to obtain the small A5 for Y,~0.01.

As ~ 10° for Y, ~ 0.01
— Extension the Ma model

11



Model

Two-loop radiative seesaw model

v ¢ v
field SUR2)L | Uy | Zo | Z5 | L X L%, X
(vr, 1) 2 —12 [+ + ] 1 » \..' \l,,]’c
5, 1 1 + [+ | -1 RN
Nf{ 1 O . 1 O ”0: o “ 1]0
H=(H", HY) 2 /2 |+ + 1] 0 , ' . :
n= (77+7 770> 2 1/2 — + | —1 V' J)\(’c a vi!
Y 1 0 + 1 —10 F
& 1 0 — =11 | o= (dr+ie)/V2.

* The A5 term , A5 (H'n P+h.c., in Ma model is forbidden by # L.
* The A5¢ff is generated at the 1-loop level.

* New relevant terms for neutrino mass :

Vo 8 [ + hel + m[6? + (67)?]

* #L is softly violated at m;5? term.

* myr = myr at the tree level. The degeneracy is lifted by As¢ff.

* DM candidates are Ngr, %1, X, ¢ Multicomponent DM system
(Z2, Z5) = (—,4), (+,7), (=)
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Neutrino mass

e Neutrino mass

ff, 2 vy v 2 2 ol *
(My)ij ~ A5 0 Vi g1 M 1 — M In —2 ": :'/
v)ij ’ .
Et N D N V. L R V- Rl V. gt N
n 1
mpo = mn% — mn? Vit I )(ca - vi)
Nr
AT term (for ms? = myr? - mer? << myr?)
2 2
yeff o K mz 1 _ N In Mer U U
5 T 6412 m2 — m2 m2 — m?2 m2 % X ff
PR X PR X X ‘ ASQ
,]o'/‘ \\‘ 7’
° ) ° VLi . xca ‘ VLj
- The neutrino mass is proportional to 1Y, x |2 m52. Ni

- Mv = 0.1 eV, New physical masses ~O(100) GeV — «Y, ms5~ 102 GeV

- k~0.1, Yv~0.01 — ms5 ~ 10 GeV, | j,°ff ~10-°

The smallness of 45is explained by the radiative generation.
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Dark matter

We assume Ng, y and ¢r are the DM. Three-component DM system.

DM annihilation processes: We assume mgy> my.

Standard annihilation : NN — X X', ¢oror — XX, xx — XX',

DM conversion : oror — XX,
Semiannihilation : Nor — xv, XN — ¢orv, ¢orx — Nv,

- Annihilation processes of ¢; - Conversion between ¢pr=¢r
Standard annihilation : ¢;o;r — X X', bR - __ _ X_ -

DM conversion : ¢rér — XX, Al
Semiannihilation : N¢;r — xv, xN — orv, ¢orx — Nv. . § 7 .

- We sum up the number densities of ¢; and ¢pr, 1y =nger+ neyr, and
solve the Boltzmann equation of nyn, ny and ny.

14



Dark matter

N /v ¢RI, X f I W-. 7 Ori,X_
Standard \?{"/ \ PRIX, -
| 77+/7792.,[ YSIYZ\ h \ h
| . >_ _ _ >_ _ _
N /YV\ l /V ¢R,[7X// f CbR?],X// W+7Z ¢R7I’X///
DM Conversion: PRL o PR ;X PRI X
AN - . s \ h / T 0
s < N >_ - _< : il
¢RJ/// Y7\\\ % ¢R,1// \\x ORI - - ~_ X
- S X o . ORI </5R,1\ N " )
Semi-annihilation: T T T -7
: ol K >_ -~ YV : 779%,1
/
N /\ 1Y X / U v /\ )
- In the Ma model, the QQxh?tends to be larger than 0.12. N; Nj
However, in this model, the contribution from the semi- ——
annihilation can enhance the annihilation rate for Nx.
- The tension between the constraints of LFV and Qnh?2 SM

becomes mild.

T
|
|

L

h

—
—
—

R, X

~
~
~



Relic abundance

Benchmark Point

50 GeV 10 GeV

S 300I GeV

1 TeV

M, 300 GeV
M0 my + mg, — 10 GeV
Mg, My + 60 GeV
M m,y + 50 GeV
Y = 72,5,7 0.1
K 0.4

<
X

)( | - |
R I 1
I

* Neutrino mass scale
* Vacuum stability
* Perturbativity IXils [yl |- < 1

N2, N3
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Relic abundance

Benchmark Point

M, 300 GeV
M0 my + mg, — 10 GeV
Mg, My + 60 GeV
M m,y + 50 GeV
Y = 72,5,7 0.1
K 0.4

50 GeV 10 GeV 300 GeV 1TeV

>

<
X

> € L1 >
q)R (I)I 1 |
N1 Rl N2, N3

* Neutrino mass scale
* Vacuum stability
* Perturbativity IXils [yl |- < 1

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

- v=0.1 — mx~200 GeV for Qh?~0.12 Scalar DM

-v>02 — mx~220GeV N DM
- y~0.08 — mx~150 GeV Scalar DM

300 - mx>220 GeV — Qnh2>0.12
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Direct detection

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.

. . 1,2
effective cross section : ,ff — ;, ( {ih )
Qtotath

17



Direct detection

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.

1,2
effective cross section : ,ff — ;, ( f:h ) X, Or " ~Y2' YS/ > X, Pr
Our model Qtotalh? o
' h
- X and ¢r have interactions to the quarks. P
q q

- The effective cross sections :

O, h?2 Q. h2
eff o} T X
“orn — Ion <Qtjch2> Ox = Ox (thm)
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Direct detection

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.

Our model

- X and ¢r have interactions to the quarks.

o

- At mx=220 (380) GeV for M;1=300 (500)GeV

- The effective cross sections :

U¢R - U¢R

(

S2¢Rh2
Qtot h2

)

o

— large v, small Qx,}

- The obtained cross section is accessible to

XENONT1ton.

eff
X

Q, h?
Qtot h2

effective cross section : ,ff — ;, (

)

Q,;h?

Qtotath

10

C\]f—1
&
2,

&=
YR
@
+

5 10
=
©

10

-46

10

43

44

450

2
Xr (,bR .“Yf’ YF:/¢' Xr ¢R
ﬁ ' 4
1
A
q q
! | | L ]
Qiotath2~0.12 -
- XENON109,
--“‘”-“-”-”-”'“'”'“.”':;:;__LLEK__:
,,,, 7 T _
- M1=300 GeV M1=500 GeV E
| | | | |

I ! ! ! ! T S
150 200 250 300 350 400 450 500
11g<[(}e‘J]
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Indirect detection

Cosmic ray from the DM annihilation.

° [ Antiprotons
Indirect signals L S

Protons

Amundson-Scolt south pole station

IceCUBE

18



Indirect detection

Cosmic ray from the DM annihilation.

Indirect signals

Amundson-Scolt south pole station

IceCUBE

In our model, the semi-annihilation process produces

a monochromatic neutrino.

18



Indirect detection
Single component DM : x

- Time evolution of n,in the Sun

n, : Number of DM in the Sun
| fr'LX — (' - (C An?( | C : Capture rate in the Sun.

Ca: Annihilation rate Ca=<0v>/Vss

X\ /X X\ /SM Calyx & XX') = < o(xx ‘—/> XX >
eff
X ) NSM Vst : Effective Volume of the Sun
3/2
q / \q Vg = 5.7 x 10%7 (10(:71(}6\/) cm?
X

- At the time of birth of the Sun the n, were zero.

- The nyincrease with time and approach the fixed point values.

Fixed point at C=Can,?

— equilibrium — The number of DM reaches its maximal value.

- DM annihilation rate : I'=Cany?2=C/2.

- Neutrino productionrate: [, =T Br(xx—=XX"vv)

19



Indirect detection

IceCube Collaboration

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

IceCUBE (2013) |

1

log10 (m /GeV c?)

m)( CI)V O-SI,p O-SD,p
(GeV/c?)  Channel§ (km~2y~!) (cm?) (cm?)
Neutralino DM 20 e ) 235% 108 108X 1074 1.29 X 10738
) 35 i f 102X 104 659% 1072 128X 107¥
xXx— WW — XX"'vv 35 bb | 629%x1015  1.28x107® 249 x 107
50 7'+7:_ 1.17 X 1013 1.03 X 10742 2.70 X 10~%
50 bb 5.64 X 1014 1.51 X 10740 3.96 X 10738
mx=250 GeV : 100 wrw—( 1.23x102 601X 1074 268 x 1074
100 bb 6.34 X 1013 3.30 X 104! 1.47 X 10738
250 WEW™ J 9.72x 1010 1.67 X 107%  1.34 X 10~%
250 bb « 4.59 x 1012 7.37 X 10~%2 5,90 X 1073
S L . LI R 4
["] MSSM incl. XENON (2012) ATLAS + CMS (2012) \ [ ] MSSM incl. XENON (2012) ATLAS + CMS £2012)
DAMA no channeling (2008) -35 = DAMA no channeling (2008) ]
39 o \ —— - CDMS (2010) " - - - COUPP (2012)
. - = - CDMS 2keV reanalyzed (2011) N . Simple (2011)
\ COoGENT (2010) Y —— - PICASSO (2012)
40— = XENON100 (2012) 86— N SUPERK (2011) ()
. ] ‘\\ . LN ——— SUPERK (2011) (W*W) B
2 B a ~ N
§-42— 08 \ =0 e
= o -38— RSGEEE \'-?.:.,,,h S _ —
8 43— §7 TN TR R e e
44— 39— ]
aaf=r eoerah et i
¢ (c'7 for mT<mW = 80.4GeVic?) i ¢ ('t for m <m,, = 80.4GeV/c?)
46— — | |

1

log10 (m /GeV c?)
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Indwrect detection
Multicomponent DM : ¢r, x, Nr

= (C; — C4(12 — SM)n )n; — Ca(ij — kv)ngn,
Standard Conversion Semi-annihilation
- Since Cn=0, the nn cannot increase. hr N
- px—Nv is the only v production process. s IR
- Monochromatic v production rate : X . "

I'y =Ca(x¢ = Npv)nyne

- Neutrino flux:
&, =T, /(47 R?)
R: the distance to the Sun
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Indwrect detection
Multicomponent DM : ¢r, x, Nr

= (C; — C4(12 — SM)n — C4(ij — kv)nin;
Standard Conversion Semi-annihilation
- Since Cn=0, the nn cannot increase. hr N
- px—Nv is the only v production process. s IR
- Monochromatic v production rate : X . "
[, = Calxé — Niv)nng 9 O = Mt Mo Mg

10 E 1 T T T T T T T T T I T [
: M:=500 GeV

10", ﬁ 1 GeV 3
107 60 =10 GeV _
10 /\ —
10° —

- Neutrino flux:
&, =T, /(47 R?)
R: the distance to the Sun

Neutrino Flux [km_zy_l]

A M1 300 GeV M1—500 GeV j
10" 155360 250 300 350 400 450
m_ [GeV]
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Indwrect detection
Multicomponent DM : ¢r, x, Nr

= (C; — C4(12 — SM)n — C4(ij — kv)nin;
Standard Conversion Semi-annihilation
- Since Cn=0, the nn cannot increase. hr N
- px—Nv is the only v production process. s IR
- Monochromatic v production rate : X . "
L, = Ca(x¢ — Ngv)nyny O = M Mon — g

M:=500 GeV

10", ﬁ 1 GeV 3
107 60 =10 GeV _
10 /\ —
10° —

- Neutrino flux:
&, =T, /(47 R?)
R: the distance to the Sun

- When 0=1GeV, the larger neutrino flux
can be obtained.

Neutrino Flux [km_zy_l]

- The IceCUBE limit is at least 103 times

M1=300 GeV M:1=500 GeV j
oo
larger than these results. 10° 55560350 300(; 33 ]0 e
m_[Ge
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Summary

We have proposed the radiative seesaw model with
multicomponent DM system.

Two-loop extension of Ma model with Z; x Z, symmetry.
- The small A5 coupling is realized by the radiative correction.

Three-component (N, x, ¢pr) DM system.

- Qnh? is reduced by the semi-annihilation processes.

- For the direct detection, the predicted value will be covered by
XENONI1T.

- 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.



